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_-' _FOI_WO/_D

A survey of frictlon_ problams in spacecraft mechanisms has been conducted

in order _ dete_mlne the degree of research and development effort which is

required to solve the problems introduced by space environment. The survey

was conduct_d in three p_rts:

A. A visit to Jet Propulsion Laboratory_ Pasadena, California, for a period

of one month to review design layouts and dr&_lugs of proposed spacecraft

mechenisms and to discuss problem &_eas with cognizant _?L personnel.

B. Visits _e_ made to personnel engage& in zesearch and development activity

related to problems associated with space environments.

C. A su_ey has been made of existing literature to review the present state

of th_ e_rt.

T_is .report, covers all phases of this program including recommendations for

further action, and is submitted in fulfillment of the requirements of the

subject contract.

We wish to acknowledge the important contribution to this report made by Dr,

Wilfred E. Campbell _hose dissertation on electrical contacts appea=s in the

Appen_x. several members of Mar!In-Rockvell Corporation Research StafZ_

especial_ j. K° Gustmfson an& G. A. _entley who were essential to its prepa-

ration_ and Mrs.Mary Rosen an& Mrs. Lois Hammond, to whom fell ¢2_ task of

typing the manuscr_;pt.

,,
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SUMMAKZ

Du_.ng residency at J_L_ it became apparent that frictions& problems may be grouped

acco_xlingto similarities an& '_,h_%tmechanisms and space experiments whi_1 al_ear

to be extremely dIver_e actuary share i_entlca'L design problems. It is also

apparent ths_ _eseaz_h and development effort a_lied to antifriction beatings

may be of equal w_Lue in the areas of gear design_ electrical contacts_ and plane

bearings. As a consequence# these areas are included within the scope of this

report.

Before beginning this surveyy we believed "thatmuch could be found in the liter-

ature that could be applied %o problems in space envizonmento For example_ we

felt there "wouldbe r_su&ts of testing in inert gas envlronment t_at wo_ld apply

"_othe p_oblems associate_ with vs_u_a. We finally concluded_ however_ _hat such

is not the case. On the contra_/_ much of the data.which has been generated in

vacu_ equipment sn& wh_._h appears to be_r directly on t&e problems of space en-

vironment is of little value.

P_commen_atlons a_e madm_ _,.ogrz[ziug the pressures of the t_ schedule for

space exploration. I_Itls_lrecon_aendations are our best guesses_ based on past
J

_ ex_erience_ for usm .incraft of T2_eimmediate future. Recommendations fer sub-

sequent research and.development _e made to produce maxim_ res_ts in a min_um

length of "timein k_eplng with the increased complexity of future mls_Ions.

_t is conclude& that resea_uh work _,rected to _Ictlonal_ p._oblems in bes_ings_

gears_ se_Is and eleet_icml contacts is required within the scope of JPL activity°

? Research shoula concentrate on .tm_lemen_tingdesign decisions, developing new

! mechanical aeslgn concepts m_ basic _vestigations to _evelop materials and "

_ lubricauts for the gt_tu_. Mo_e ampha_is en _.ubrlcatd',onis warzantad.
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SectionA

.._ REPORTOF V_8/_T.9_T PI_UI_/ON LABORA_RY

._ 1. SCOPEOF _L AD_MTY

JPL has three m_,jorp_ogrs_s of which t_._o_.he Lunar program and _Is/letar$'-

_%tel_isneta_-_yp._og2_m, involve frletion.alp_ob!ems in a spsee environment.

:_ The Lunar _rogram consists of _e 9roJe_ts| lh_nger_Surveyor sad Prospector°
%

Early Ranger tests we_ scheduled to be orbital fli@hts in _ hlgb.elli_tic_/i

orbit near esaape Velocity. (%_e sesond Ranger shot, November" 18, 1961, was_

like the first, only partially successfal since & low earth orbit was aahieve_.)

These experiments are being conducted _9 test t/_econtrol system, power s_pplies,

_o_munloation equipment_ and determine the life time of components in space.

Later tests will inalude i_pact landings on the moon. i

Following the Ranger serles_ Surwyor spacecraft will be sent on soft Is_dings

on t_e moon. _he Conta'aat for _sign an_ &evelopment of Surveyor has been

i awsmded to Hughes _._:craft. Wh_tle the Ranger Lunar landing pa_ka_ "w_ll comtain
seismological !ustamments_ the 5arv_yor _aakage_ in a&dlt/on_ will include in-

strum_nts tm measures the moon's gravity an_ a dmill that _ill b_,tnga speelmen

.,_ back i_to the eraf_ for chemical saa/_ysis. Later S_A_¢eyormissions .ms_ include

: small a_ving veklales, such as %hose d_s_ribed in Aviation Week {Reg. l)_
/;

_ _e Pro_,pector spa_eazaft is still in th_ _launing stage aua is Intended %_ be

- launchea by a Sa'gurnzoakst, 'It will be designed to _o_ over the moon:s sttw_

£ace. It will _erfo,_mmme_ous experlments _n final _repa_atlon •for _im_ing a

raan O_ %h_ _ioo_.

1964019594-010
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The P.lanetary-_uterplane_j program originally consisted of the Ma__lnerA spacecraft_

intend2d to flF by; orbit and l_ud instm_ments on Venus: and the Mariner B, a similar

craft to be launche£ _o exglore Mars. Delays in the development of the Centristboost

ve_hicl_have caused a cc_promise of the MarJ__er A prcgram. A lighter wei@h_, modified

R_uger spacecraft will be used for Venus exploration. A larger craft_ called Voyager,

is in the planning stage for interglane_" work (Rei'_2).

2. JPL ORG_L_ATION

Organiz_tinnmS_[y3 the jet Propulsion Laboratory consists of nine separate divisions

of which the following four are primarily concerned with frictional p_blems in _pace

anv._nment:
:

a. Englnee_ng Mecha:n[csDivision

b. ProFalsion Division

c. Division of the 8pace Sciences

d. Guidance and Control Division

The Engineering _cha_ics Division is responsible for the sps2ecraft stx_tural design

and for mechanical integration of other; subsystems. _nis effort includes mos_ of the

elements of a complete system which are _qulred to accomplish the mission, such as:

spacecraft bus_ lan_ng c2aft_ exp].oration devices. This group is also concerned with

research and development in the fields of ma_rials_ stractui_s_ dya_mlcs_ fluid

mechanics_ thezmodynamics, mechanisms 3 snd environmental survival e_uipment. Fort_a_

the board design group is largely conQentrated in this Divislon_ pez_itting close

coordination of design solutions to friction problems.

The Propulsion Division is responsible for p_p_lsion system_ which al_ to be used in

the sps_ecraft. This includes th_n_t vector an& impulse control_ retd.)rocke'_sfor

landing.,p_ypulslon de,Ices for surface exploration and return flight power. _. larg_

boos'_r rockets for initial take-off as.Bnot p_vt of JPL r .sponsibiilty.

1964019594-011
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The Guidance and Control Division is re._ponsible for navigation equipment an_

auxiliary power source_ such s.sbatteries and fuel cells in solar power turbine

generators. They are also responsible for attitude contl'olactuation.

The Divisioa of .(_paceSclence_ i_ the group responsible for instrumentation and

experimentation aboard,the spm_.ecraft. No two lnstroment packages are identical

and, consequently, this g_up is working on an extremely large group of instru-

ments.

As a result of discussions with v,._rio_smembers of these groups, the foll(z_ing

applications are presented as being typical of spacec_ft mechanisms.

3. SPECIFIC APPLICATIONS

' 3.1 Gear Boxes:

The gear box:which unfolds the antenna on the Ranger ve_hlcle is shown on Drawing

J-3151748 (P_f. 16)o This box is powered by a Kearfott 5000 EPM motor. On Ranger

1 and 2 the gear reduction is 234_000 to 1. On subsequent vehicles the reduction

is 78,000 to 1 and this same l_earbox may be employed on M_riner vehicles. Gears

are lubricated wit_ Electrofi.lm 4396 molydls.alfide type lubricant s_d bearings are

lubricated with a thin film of GE 300 grease. .Ingeneral, specifications call

out shielded bearings and phenolic retainers in_res_ab:,dwith GE FSO oil. These

are obtained if they are available and can meet delivery. The operating life

requirement is i00 hours.

The M_riner gear box is shown on D_wing J-4200007 - Universal .Actuator Assembly

(Ref. 32). This ga_arbox is driven by :_Curries Wright stepping motor which has

an output torque that varies from 8 oz. in. at the stuartof a pulse to 2 oz_ in.

at the en_ of th_ pulse. The motor ol_rates at 25 pulses per seeo_d and provides

1964019594-012



36 degrees of revolution per pulse. The output of t_hisgear box is i0 ft( lbs.

The reduction is 1800 to 1 so that output is two h,,__d_edthsof a degree per pulse.

In the motors as received_ the star wheels are made of nylon. These are replaced

by anodized aluminum star wheels. The_B are ratchets inside and out and these have

_Lve little or no trouble, The life _mquirement is lO00 hours on this ges,r box.

This may possibly be reduced to 500 hot_s o

Both of th_se gear boxes are pressurized with either nitrogen or dry air. Both boxes

are sterilized at 257°F for 24 hours. The Ranger box is also sterilized with et_ylen

oxide gas.

The lives given above are operating lives incll_dingboth preliminary test# grou_id

check-out and mission operatiou. The over-all shelf life requirement is approx±-

mainly two years. _o.__ example, all Ranger parts have been ordered for nine Ranger

missions. The ninth will probably occur two years after t_e parts have been ordered.

_ne Ranger ge_ box has a worm drive wblch operates in conjunction with a helical

gear. They have had t_ouble with molybdenL_ disulfide dry film as a lubrican_ o_

this pair of gears which they feel is due to extreme sliding forces. The Mariner

box contains sDD. spur gears and so far_ has not given any difficulty°

t

A question has been raised relative to the torsi¢,n_! stlf_h_essof bearings. Torsiona

stiffness is a problem in ti_se gear boxes due to the large overhanging moment of the

antenna. On the _rlner vehicle they are considering a change over to a United Shoe

MachinerH Harmonic Drive_ since it gives them greater torsional stiffness. That driv

has _ f_Al compl_ment of uniform size balls for the wave generator. The torsional

stiffness required in the Mariner gear box is 7500 lbs. ft. per radian.

Both of these gear boxes are seato type actuators and _fter they have _mfolded the

antenna, they dither Constantl_ to keep it polnte_ in the right di_ect_.on..

1964019594-013
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Future trends with respect to these gear boxes are anticipated to bez

a. There _i3_ be more of them on each vehicle.

b. They wi]_lbecome more complicated.

c. They wlll not be able to be pressurized m_d will have to operate

in the vacuum of space° Life requirements will be ext_nde.d as

interpianetaz_ flights become longer and interpla_._etarylanding

operations become extended. In some instances they are talking

five years continuous operation at 100% reliability.

d. Torque requirements and loa_ will tend to increase as more

complex machinery comes into use.

3.2 Lyman-Alpha Scanning Telescope:

The f0]_owing description of this e_peri_ent aboard Ran_ar 1 _ud 2 is _ven to

indicate the types of motion and friction involved (Ref. 4))

_ae telescope weighs about 14 pounds. The assembly is mounted in a gimbal sysi_m

which permits motion of the telescope axis in two pe1_pendlcularplanes. Elevation

drive is effected by a synchronous motor with the direct&on of drive detemnined by

2-element conmmtators_ The upper contact reverses t_ direction of motion while

the lower contact initiates the azimuth motor to step out 2 ° in the azi_uthsl.

plane. On the completion of this azimuthal r oti _n_ the elevation motor As per-

mitted to _Ive again, the azimuth remlaining _ichange_._wh_le another line is

scanned. After completion of this scanning opera'hlon,the telescope rem_!n_ in •

, its final position until the next picture is to be tsd_en. Fifteen _ictures are

I scheduled at dists_ucesfr_n 8.9 to 183 eazth radii.

l

The elevation motor is mounted on the g_mh_l ring and drives through a worm ge_

' } to actuate the telescope. The azimuth motor is a stepping ._oT_r dlre_tly driving

_ the gimbal _[ng° At the opposite end of the g_bal ring a_is is %he _:muth

._ po_entiometer which is gear driven from the glmbal axis by a s_gle set of spur '

1964019594-014
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3.3 Ranger Solar Panels:

The solar panel actuation system on Ranger I and 2 is composed of an actuator_ two

hinges_ and four latches on each panel. In the folded position the panel is supporte(

on the two hingms s_d the four latches. P_lel opening is initiated by a sign'a],which

%riggers CJhesquib power supply, The power supply fires the explosive cartridges at

each latch and the latch pins are retracted. Then the panel is free to move and the

actuator pushes it into the open position and locks it.

T_s time reqvAred for the panel to open to full pcsltlon is a func%ion of both tem-

perature and load. In a zero G f&eld the opening time varies from 120 seconds at

20°F to about 33 seconds at 120°F. In a one G field at 80°F, the opening time is

about L2 seconds, whereas in a zero G fie-ldat 80°F the opening time is 45 secondao

Silicone oll is used for the da_ing fluid in The actuator°

The actuator cha_acteristles a_ as follows:

Wei_t - 16_ ozs.
Output (retracted) - 150 lbs,
Output (extended) - 30 lbs.
Over-s.lllength retracted - I0 in.

Stoke - 3 3/8 in.

During initial tests_ long and erratic operating times we_'eexpe-_ieneed. This was

caused by high friction loads between the barrel and i'_ gui_e era@was solved by

coating the barrel of the actuator with molybdenum disu].fi&e dry fi3,_

The solar,panels a_w lat_:hedwith explosively actua_d pins. _%e tongue is fastened

to *_,esolar panel and the other components are mo_,ted on the spacecraft st_cture.

The pin passes thru a hole i_ the,tongue to hold th_ tongue to the fo_waz'd structure.

q

1964019594-015



:__ 3.4 Ultraviolet Spectrometer Assembly:
_P

_is will be used on a trip to Venus. _e _'._ravlolet spectrometer has a diffraction

le
grating which is required to rotate _rough an arc of 20_ . The grat_mg is mounted

on two ball bea_ngs with a 3/8 in. bore_ A levez"overhung on one side of the shaft

follows a cam_ using a bsll bearing as a cam follower. No lubricant coating can be

tolerated on the optic_

The enti_ unit sits idle duodng _Jaetrip to Venus. Then it will sedan%he surface

of Venus during flight past the planet.

Power in this u.nltis supplied from m% American Electric variable reluctance

stepper motor No. llSi__J-l_. This _otor has an angular step of 19°. The cam

is driven from the motor through _o stages of sp_ gearing. The c_m add its

pinion ar_ mounted on two be.a_ings of 3/8 _ino boze. The first stage pinion is

m_tmted on two 1/# in. bore bearings° The csm runs at 1 EPM.

The gears are as follow,s:

Motor pinion - lO testh, 96 pltch_ .lO_ pitch diameter. Its

mate has ].50teeth, 96 pi'hch_ 1.56.__5pitch diame_te._r.The other

pinio_ has 20 teeth, 80 pitah, .250 l_iteh diameter. Its mate

has _.40¢_etl_j80 pitch3 3 inch pitch diameter. In this gesmlng_

back lash is not especially critical. _%sthis unit is now de-

signed, the g_ars m_d besriugs are scale& from the optics with

O-rlngs. Gears aud be_i_ngs _tll be lubricated by molybdenum

disulfide and FSO oil w_th GE 300 grease _espectively_ as in

_e gear boxes _essrlbed p_evlously.

._, This spectrometer is similar to the Lyman-Alpha t_lesaope application pre_ously

.... dessribed _d is p_:sented as a_other example of a racu2rlng type of deslgn.

z
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3.5 IIoz&zon Sensorz

_he _orizon Sensor is shown on Drawing _Io° 4253-0OLA (Eef. 24),

_nis _uit has been subcont_cte_for design and engineering to the Barnes Englneerir

Company, 8tamford_ Connecticut. _t will be used on the Mariner which means that i_

rill sit idle for three to six months daring the voyage to Venus ang_will have a

mission operating llfe of lO to 20 hours to scan the Venus planet. _owever, severs_

hundred hours running life are nee_d on bearings to pe_mlt gronud ahec_out.

The main teleseopia unit is supported on three Kaydon thin section_ ball be_rings°

The largest has appraxlmately 5½ in. bore and the other two bearings_ 4 in. bore.

The two 4 in. bo1_ bearings each support a prism and can be rotate_ relati_ to eac_

other for different light inaidenee angles. These two bearings and their housing a:

supported in the single large bearing which supports the entire telescopi_ unit.

Torque is extremely critical in this application an_ is the reason for using only

one rather than _o s_pport bearings.

One of _e 4 in o bore beari,ngs turns at 315 EPM, the other at IO5 EPM_ The outer

support beaz!ng _ot_tes at a rate of i t_ o _RPMbut has a ms_xlmum total travel of

90°. This is -+45_'oscillation. These bearings have stainless steel races sad a_e_

four point bea_.ngs. The retainers a_e Nylon (may be i_pregnated) s_l_[the baIJ_swi_

be coated with OBS coating. This unit wiZ_ be p_essua_ize_with dry nitrogen and

helium.

3°6 Lubr_____icationof Ex_o_r _XZ Gos___ecord_r_

ceive_ from the sateJ_liteuntil J_ne 5_ 19_8 when the tranamitt_r _ent _ead. Altho_

there were some int_r_tions in telemetry du_ng this period,, it is believe_ that

ta_e recorder _as o_erable _uring the enti_e 7_ days of _hhesaTa!_ite's s_tive lli_e

1964019594-01
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_ _e tape recorder was not sealed and was I therefore_ opera¢_& in space in vacuum
7 -6

ranging from lO mm Eg at the 121 mile perigees to approxlmate]jflO "12 _m Hg at

the 1746 mile apogee. The temperature insi_ the pay _a_ _as measured to range

betw_een O°C and 35°C. This is probably abou_ the ten_perature environment of the

recorder.

in the recnrd mode_ the unit was d_ive.nby a stepping motor:whieh_ through a gear

train_ advanced the tape past the recording head at a rate of .005 :_nchper sec-

ond° This resulted in rotational speeds of 4 revolutions per hour to lO0 revs.

per hotErfor the various gear stages. Once _u_'ingeach orbit the recorder was

t_gge_ed on command and played bank the Lnfo_mation gathered. Since the _riod

of the orbit was ll5 minutes, it is _ssumed that this is the average time fore

record cycle. The play back cycle took place in 5 seconds_ after _hich the recor

$ _ cycles was automatically _sumed, Du_ing pl_y back_ the tape is dzlwn by _ sprin

motor_ which was _olnld during the recor_ cycle° _ this mo_e_ rotational speeds

ranged fr_ £6 RPM to 2400 EPM for the slowest and fastest co_r#onents xespectlvely

All rotating members _ere mounted on miniature ball bearings (._, shi_l_ed)_ even

the cam followers used for switching. Bea'_mgs _re lubricated wi_ a di_ester oi

conforming to t_heSpecifiaatlon N_L_r6085A,. The exact o_I _ed is believe@ to

] have been Winsor Lube L245_ but this has not been completely co_f_me&° All g_ax

._ were operated dry_

_ The bearings ased in this recorder are as follc_s:

a. _IB - F_I-].44PP
b. MPB - 8S4FM
c. _KB-FR-144_PP

"_o _PB - SS-2.SFCHE
f. MPB - SS-4-F_

_ Bea_ng housings _ere magn_si,_a and shafts were of _t_inless s'_el,

/
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.Thegears were all made of s$'_inlesssteel and ha_ a dif_metralpitch of 64, and a

p_.ssure an@le of 20°. The number of teeth varied from 12 in the small pinion to

45 in "t_'melargest gear. ALl gears were pressed on the shafts and the sheets mounted

in miniature bearings.

3-7 Mariner Boomz

The Mari1_erboom is typical of a short life-_h,ort storage unlt (See Section A_ 5).

It consi_Ltsof three telescoping tubes. The particular one that I saw had one sec_

tion of black anodize& aluminum, but the other two sections were treated with MoS2

because _h_ anoS_izingwas not s_fficiently dark. The darknes_ is required for tem,o

perature control. Each section is lubricated by _ 300 grease which is contained in

a small pocket fommed by _o red silicone _silastlc) O-rings at the end of the tube

immediately outside,, Test stand actuation of this device sho_ed that the lubricant
"7

left a very sticky coatJm4_upon the tubes. It is belie_zed that the large surface

area absorbs the oil ._2the grease leaving %b/ethickener to smear Out on the tube

surface s_ a sticky residue. Additional $_sts _ill be run after the t_bes have been

wet down with FSO oll and t_hegrease thinned out by addition of more oil. This sticky

residue was primarily apparent on the black anodized suo_face. T_e MoB2 surf__acesfelt

slippetier.

A similar boom is used for the Ranger RA 3, 4 and 5 gs_a ray expemiment. It _'.ill .:._

mount on top of the space frs_e hex and extends- follow_g the mi_-couree mane_r.

The boom consists of three sliding tubes _d .cue stationary tube mounted concent_

cally an& to retain internal pressure. A latch mechanism retains the boom in the

retracted _onfiguration and utill,zes a pin p'aller identical to those on the solar

paaels. The central tube serves as a _ressure chsmber a,u& is cha_ged _ith &r_ nit1_ge
) ,

_.hichforces the boom to the e_ten_& _osltlon _hen the latch Is release&. A ei_D,

double 0.-ring grease packing is em_loyea on all sliding seals. _ae ,extendS,@positio_

will be maintaine& by inter_al pressure_ eliminating the,_ee& for _ohaaic_l loc_s. :
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The boom extends 6 ft. from the f,D1y retracted to the extende_ position. Its re_

t_a2ted length is approximately 30 inches. Diameter of the boom is 2½ i_o and the

weight about 5 ].bs.(Kef. 5).

3.8 Magnetic D____'_

Au interesting unit is being designed which requires placing a message on a mag-

netic drum which will be read by a tape head in space to instruct the mechanism

for its duty cycle. The magnetic drum Is to be an aluminum cylinder coated with

£ezTous oxide_ The problem is how to lubricste the ferrous oxid2 coating to pro-

-gent seizure,between the drum a_Ethe tape hea&.

One suggestion is to _ _ the ferrous oxide wibh molydisulfide in a phenolic resin

binde.r and coat T21ealuminum cylinder in one operation.

Other suggestions were to glue Mylar tape, in which the ferrous axide was em_bed_le@_

to the surface of the cyllnd_r. Another suggestion was to apply _ TefLon eoatlng

as lubricant over the ferrous oxide.

3-9 M_ulpttlator_

General Mills has Just delivered an ex_erS_nentalmanipulator_ built under _ontra_t_

for research and _evelopmant for possible futul_ space applications. This is de-

signed t_ handle a talewision csmera on the moon. It has three degrees ef f_me_om.

First# it wlilloscillate about an inch f_m si_e to side, it will rotate about its/

vertical axis +180°, it will elevate about a horlzontal axis @180a. Mo%_,_ s_out/

ea,h of tkes_ axas is _e_ived I'r_m_a Sl_Ci_y designe& m_tor byGiobe Motars
/
/

paay. It is a hyst_resls type motor_ 10,000 BPM, specially built with _e_lon /

_ wS_u_Ingto _ithst_ 400"F t_m_peratuz_(max.).. ,All besa_Ings i_ %,heme%or _u& /
/

gea_ _oxes are Ba_temp bea_gs, The g_rs a_ coat_a _!T_I _eflon_ /
i
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These drives are othey._ise slmila_ to etcherd_ives which ha_ been @m_c_bed _zevi-

ously. There.is, however3 an interesting difference in this device° Motion about

the vertical axis is with outer race rotation.. This places the bearing hetw_een the

gear box seal and the outer environment. Consequsn_!y, as the spacecraft would gain

altitude and mov_ into areas of _duced p_ssuam_ there should be a rush of air from

this _hs_ber to the outsi_e through t_hebesming.

There is a chain drive which connects the horizontal axis drive motor with the

gimbal rlng_ housing the Lunar television aamerao This is the only instance, in any

JPL mechanlsms_ of the use of roller cl_inso It is not known whether any attest

has been made to_lubricate the chain or the sprockets.
\

3.10 I_unarSoil Sa_pler_

__h_-Lunar _ (Surveyo,_)is an i_pact_ star t,xpe drY31 powezeaby a retail impacter

in which the pneumatic enshlon is replaced .by a resonant spring. The__ill rotates

.at 2000 I_PM.,

The pulverizer is a particle to.Ills!ontYl_, rotating at 15_000 RPMo It will be

bapported on _Uoi_green bearings. To keep the dust out_ T_flon seals have been.

made from,,sleeve bearings with a light press fit_ wl_ch a_m mol_t_d either side-of _

the Fluorogreen bearings°

For transporting the soil sa_ples_ they ars eXperlment_g with Tell.onnuts _unlng,

on an _nodized s/.umlnumth_aa. _

A pick may _iso b_ u_e& _o sample t_he_o_l_ _Xt is .caaeeo_dlo_ike @_vi_ h_v_g

a clam shell scoop at eme en_ one _o_tion _f which is ex_en_d with _ cafbi_e ti_

to act as a pi_k, _9_ othe_'half of _h_ s_oo_)is _owere% with a ste_er motor _n_

gesz box to enelo_.=_th_ sample %_hatis s_ra_ up. All of the a_ez_io_ _emvlngs

a_e called out as Flue_g_een bearings, _._ will b_ _.6 %0 _0 of thsse on %he pi_k

axtension_ The D_k _i'_ strike the L_u_v suz_oe with _n_imat_iv I .lb,_or_e,
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The spee for the sell sampler is _ritten for a duration of two Lunar days,

3,2-].Antenna Solar Panel Positloner:

In sxlditionto that contained Lu the design review outlir_ (Eel. 3) is the

following information_

a. In addition to the Ledex solenola st_pper motor_ a

Landair and Curtiss Wright stepper motor are being

eonside_d. They a_e _%SO conside_lng a digital

stepper motor.

b. _aarlngs in the motors s_d gear boxes are a Teflon

O-ring type of bearing which operates :_twe_n two

303 stainless steel races_ ana is designed to be

luterchan_able with cu2_ent_ staudard _atn_.

ball bearings, They also are considering the use
'u

of sleeve bearings made of Fluo_green and Fluoro-

slnt. _hey believe they cs_uget 8_ effici_ucy in

their plaueta_y gear boxes with these bea_ings.

c. c_azs will be lubricated either by T_flon idl_rs or by

Te_onlzing the ges_rsto a th_,ckn_s_of one ten thou-

sandth (.0001). _hese gear Ba_es az_ of a planet_ry

type with a reduction of 288 to l_ _ne_e,are fou_

Id_ntlaal units used on the machine,

&_ In one of the gesa.Boxes_ ene planetary is refill& By

worg drive in order to p_ovlde for a locl_.ng featu2_,

Zt is planne& to ay_erim_nt with moly-disulflde_ alumlnum-

stainless steel_ OBS _oatlng_ aud Al_omlz_d stai_'__esss_e&

surZaee _eat_ent fo_ this wo_ gaa_.

e. They _ _eslgnlng for o_eratlen during _ee Lunar d_ys,
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3.!2 Jet Vane Actuator;

_ne jet v_ue actuator is a selTo mecha.ui_a for controlling the direction of power at

mi&-coL[rsemaneuver on the Ranger vehicle, The ,_ctuatorconsists of a torquer coupled

with a M_rkitJepo,_ntiometer p_o'dnced by Markite Products Co_porati3n 3 155 Waverly

Place, New York3 New York.

_nis potentiometer uses a conductive plastic _ug for the resistor, _nis plastic

rLug is moldei on _u Lnsu!ating plastic disc wPztch apparenlily.isa shelf item. Leads

are t_ken off the conductive plastic ring as 2_=quiredby the part4._ular application,

_e wiper shaft is moun-ted An two bearings that look to be about an PJ__Id an FB 4o

_ne w.. ;r consists of a noncondacting plastic disc on which is riveted a cantilevered

be_l!ium copper spring wh_-secon+_cts are coated with precious metal. This is

.probablyrhodi_. This unit uses an O-r_ng for the shaft seal. .Theunit is pressur-

ized and haz been tested __na vaeu'_mchamber and successfully held its pressure for

six$_ days. It wou/& be desirable to e]iminat_ this O-ring in order to eliminate

friction which causes d_.fioulties in the servo loop,, Tests are goir.gto be conducted

in a vacubunwithout the seal.

Questions raised by t_is device are : What happens to the plastic conductive ring in

a vacuum? "Whathappens to the plas+_ic insulator in the bayonet t_e connector which

bz_.'_ngsthe leads out of the potentiometer? What is tillsconductive plastic? This

potentiometer is use& becease this plastic has shown excellent we_" resistance° (Sub-

sequent dlsc1_sion with Markite personnel re_aled that this mata_._al is a proprietary

item.)

,_,13 Photocon Commutato_

The early Ranger vehicle used a commutator n_%ufactu_ed by Phot_con Research Products_

Pasadena# Ca&ifo_iao The cemmut_tor is a couuter similar in construct_.on to a Veeder-

Root counter°

1964019594-023



"_2°"

_ The wiper is made of stainless steel (P&lonay No o 7). The circuitl-j in the off-

the-shelf item is rhodium over copper. However, this combination hung up in

vacuum t_sts an& caused miscount. This was corrected by puttin_ 15 m/_Llionths

< gold plate over the rhodium. These tests were co_ducted at 5 x lO "6 _a Hg vacuum.

The gears which iudex tens_ hundze.'_s,thousands, etc. we_ brass rotatinF on

stainless steel sh_fts in the o._lginalunit. In vacuum tests the gears seized

on the shaft. The first corre.c'oiontried was to Teflonize the shaft with .0004

thickness of _flon_ using stainless steel gears. The Teflon peeled off the

shafts in sheets after 85_COO turns (9,000 revolutions) at 5½ p_.:lsespez second.

A change was made to stainless steel shafts sad Nylatron gears. This cs,'bination

diff_cul _y.successfu]/hycompleted 13 million counts without any indication of _ _

The ratchet and pawl ar__ugement which i_itiates each count is 8&so made of

i_) Nylatron.

4. P_LIAB_I_I

|

The trend in these programs is toward incre_sed complexity, in the case of the

Sul_eyor and Pros..Dector_ad_rantagewill be taken of the technology developed in

p_vious Ranger vehicles in order to minimize developmental _sk in components

and subsystems. However_ each of these vehicles represents a step_by-step

advance beyond +/qepreceding vehicl_ and in each case beccmes more c_%mplexin

: order to handle a la.rgervariety of more complicated missions, Thus 3 even though

: t_lebasic problem of be_urings3 gears, hinges_ and other sliding surfaces may be

• essentially the same, increased _kiability beeches exc_ediugly important because

of the dependence of a successful mission on the.satisfsctox_ performance of szL

] increased number of these paints.
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There is s-uuo__lqueaspect of ti_ problem of reliability which is emphasized over

and over again. During the next _en years there will be Just fi_ opportunities

to latmch a space vehicle to Mars. Similarly_ one can shoot for Venus only once
J

every 19 months. This means that development _chedules must be adhered to. It

also means that wherever possible_ designs must be based on contemporary advanced

developments rather ths_uon future develolm_nt. This factoz_ must be given very

careful consideration in whatever research and de_._elopmentprogram finally evolves

for solution of frictional problems.

Also of interest is the fact that _hen a la_uch pf,r±od is available_ a launching

, opportunity to either Ma_s or Venus consists of roughly a one to two houa.period

each day for approximately one mon_. Thus_ in t_hecase of Mars_ a slip in
i

schedule of one month means a delay of two years. Launching opportunities to Mars

wiX1 occ_ in !962_ 1964_ 1966 and 1968° Launch'_rigopporttu-Litie_to Venus will

OCCl_ in 1962, 1964_ 1965, 1967, 1969 an& 1970 (Refo 2).

Coupled with t_is aspect of reliability is increas_igly long life ._equir_ment_ A

.... t_p to Venus takes tP_e to four months_ to Mar_ seven to eight m0nths_ and to

Jupiter, two years

(,,

= Limitations of time and cost add to the need.for z_liabilityo Wh_le several

flights are scheduled for each vehicle series_ each flight contains unique experi-

ments which probably cannot be repeated. For examp].e, the friction e_periment is

: scheduled for R_nger 1 aad 2. Failure of these two missions may end _he opportuni'l

to obtad.nfrictional data d,u_g the Ranger series (Refs. 6_ 7_ 8).

A distinction is made between primary sz_dsecondary units in spa.cecrs_t. Primary

units aa'ei'&osewb&ch are vital to _.mamplishing the o_r_a_l mission such as ma_

power sour.ces_telemetry_ and guidance. Secondary units are usu_\ly indlvi_u_l
|

experiments _hieh_ if one fail_ _o not destroy the w_lue of the mission°
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Primal7 units are usually associated with the basic structure of the spacecraft.

Consequently, there is usually more freedom insofar as weight and space are con-

cerned, than is granted to secondary units. Secondary units are usually assigned

a block of weight sad space and must acccmplish their mission _ithin those limits.

Consequently_ in seconda1_ units_ lubrication problems may have to be cem_memised

in order to meet other requi_m_.nts.

5. LIFE AND STORA6_ EEQ_TS

Life requirements generslly fall into three c-_tegories:

5 °l Short ' _LLfecSho__b En_ _roz___ent&l Storage:

Such things are booms, solar pane!s_ antenna hinges, and covers fall in'tothis

cate,gO_jo Many of these "devices wi]1 unfold in the parking orbit and motion

ceases when flight position has been attained. In some cases high _P.Mmay be

_" involved,in this category iu switching devic_,s,

5 o2 Long Environmental Storag_e-ShortLife:

Seconda_# experiments usually fay into this category. The unit is required to

rema_m inactive for a long pe_od of time during space flight after which it

is required to opezate for a relatively brief period while the experiment is be-

ing perfo_ed. With this type of unit t/_ereis a minimum of ground check-out.

5.3 Lo__ngI.ifeGontinuousu_s_O2eration:

This is the long duration, long check-eut_ continuously operating t_pe of unit

involving no storage, except for ground shelf llfe. The primary units such as

telemetry sad g_idsace woug_&_ll into this category.

One cannot l_/,t any of these categories insofar as load an& spee& are concerned,,

_D.so, in gener_l_ torque is very l_mitad because of limitations iI_power s_ply_

Ground she],f].ifems/ybe ._lst&vely long. For exa_],e, parts for the entilm

, R_;_ge__ se,blesm_y be or&e_d and delivered at one time.
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6. ENVIR0_ COnDitIONS

6.1 Temperature:

Spacecraft are usually in the sun and temperature is well con_zolled, Electronic

equlpment_ such as contained in the Rangor bus_ is held[near 20°C. Temperature

control is maintained on the Ranger vehicles without using moving parts or fluid 3

by the selection of proper surface finlshes_ the use of coatings on boxes, and by

controlling the spacecraft internal heat transfer c_pability. On Mariner A vehicles

it was planned to use shutters to control the amount of sunlight which the units

receive.

At the extremeties of the spacecraft_ temperature variation increases. Following

are examples of the temperature range expected on various Ranger cc_ponents:

Electronic assemblies in the bus 0 to 60_C

Solar panels -50 to lO0°C

Attitude control jets and _gulator 0 to 50_C

Lym_i-Alpha "_lescope detector lO to 50_O

F_,ction experiment l0 to 50°C

In the Suz_eyor spacecraft, temperato._es on the cold side of "themoon may reach as

low as -200°F du_ng that period of each revolution of the moon while the unit is

away from the sun, _als is approximately a 14 earth day period.
!

High temperatures W_jL be achieved in spacecraft in suc/1units as "hheSNAP nuclear

power systam s_d _on engineg'o Temperatures may reach 2000_F and higher. These

systems will not be _u use until 1965 or 1966_ so high temperatures are farther in

t_. future than low tampe_tureso

_Ttwould b_ _e_,irable to i_@ose a -65_F requirement on u_Its due to air transporta-

tion to the launch sit_. H_ever_ it is doubtlktlif any _esign _ll ever be com_o-

raisedto meet this _equ!rement.
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It appears that the ext_:aes of sta'_.cenvironment other than landings on planetary

bodies will be •65° to .+257°F,_,hlch is the s teri].izationtemperature.

6.2 Radiation:

Very little background information on the types dud levels of radiation that will

be encountered in space and planetary environment is ava_.lable. This is a _ew sub-

Ject about _hleh ve_y lltt_Le is la_o_-nsn& in fac'_,the ind.tialspace vehicle experi-_

meritsare direc_ _l_o_t entire]j _t answering these q_estions.

Ranger i and 2 spacecraft w:3_l carry a family of x'a_liationdatectors designed to

monitor the intensity of ehs_ged particla _diation (protons and electrons) from

energ_.esof abo_t l_ po_er to about 108 p_er _lectron volts. Ranges of instrL_

ments are chosen so that studies can bc msAe of quiet conditions i_ intel_lanetary

sl,_ee %s well as t_hephe_emen_ associated with solar dlstu_aes. P_uger I and 2

experiments are repo_t_,din JPL T_ 32-59 (Ref. 4). _,uadgltion to the radlat&on

detectors .Rangeri au& e _il! ca_zy a magnetometer to determine the _Ir planetary

magnetic field and its reAatlon to particle flux. Other e_l_rlments Inalude a

telescope sensitive to _man A_B_% radiation_ a cosmic dust dete_to_ and s_intil-

lation counte_, to investigate,the statistics of solar X-ray.

i Mariner i _d 2 will Investigate. _o_mlc radiation_ solar ao:C@u_cu_ radlatlon_

and trapped partlele_ near Venus, These launnhlngs a_e sah_ule& for 1962. A

description of the detectors for use on Mariner vehlales is contained in S_ 37-8

. (_f. 6).

The f_l_owlng conclusions .may be d_rawn_t _this time:

; _ Ult_.'avio2._% _adiatlon _%ll _e_t[rn[telybe encountered in

_Ic_tIVely large qgantities,

b. Oo_i@e&'a_,on _st be F_ven to nzta_ometeorite bom_ento
[

2
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c. The effect of secondary radiation resulting from the imps_t of

primary regulationon materials should be investigated.

d. Care must be exercised in drinking any conclusion from experience

with uuclear reactors.

(A report on the effect _f radiation and vacuum on material properties has recently

been issued from JPL.)_Bef. 9)

6.3 Magnetism:

On ve_ieles _xlcorporatingmagnetometers_ which includes vehicles for some missions

of all classes, it is desirable to use nonmagnetic matezlal° In the Rap.get a c_m-

_.Qm_se has been made in the use of 440C as beaming material_ However# on future

vehicles it would be _esirable to use mo_.e nonmagnetic material.

! The __.__ o_ ......=_ +_ field i_. th_ Goddaa_ developed magnetometer, which is it.

use on several of these sI_acec_ft_ is one gamma at one footo

6.4 Vibration:

Vibration tests ave enumerated in Ref. lO.

On type approval tests of Mariner geaa• boxesj no beaa_ing failures ha_ been experi-
&

enced due to vibration. Belle ville _ashers s_e used to p_load the bea_ings. Sligh

marks were visible on the bearing race under 2C_ magnification. Hswever_ these

marks gave no indlaatlon on noise test° Zt is not certain that the p_eloa& on the

noise test was the sams as the p_loadinduced by ._heBelleville washe_s_

|
l

There was no sign of Zrettlng corrosion on these bearlng_.

On the Tiros sate.llltes (Ref. 66) a/& bearings a_e rotate& during take-off b_cause

of experience with f_tting corrosion. 0n the Marine_'_ the_ is InsufZicie_t powe_

available to pem_it this approach.
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6.5 Sterilization.[

Steri'.i_;at_onis _%uired of all f/ztghtcomponents. For interaal sterillzation_

spacecraft components are subjected to a temperature of 257_F for 24 hours. In

the assembly processy surfaces of canpoaents aa_ swabbed with a liqui_ sterilaat

just prior to mating. Spacecraft external surfaces are exposed 5o an ethylene

oxide gas m_zture for a 24 hour period prior to latmch. This gas mixture is

composed of l_ ethylene oxide Gas _ud 8_ freon gas of 25% humidity.

If sub components are not capable of wi_sta_idlng the high temperature steriliza-

tion trea_ment_ it may be necessary to sterilize by mes_s st_h as radiation.

Emphasis In sub cc_4ponents_thea_fore_ should be place& on the development and

use of parts which cszl_i_hstand the required high temperat_._s and can_ there-

fore. be sterilized by the si_ler heat treatment. /

6.6 Lunar Env_____onmentz

_PL TR ^34-3.59(Eel. ll) describes th_ Luna_ en_nment. This is the report

aro_& _bich P_ospector proposers are bas_ig their desi@_.

This repo_% mites two s_nmaries of presently aeSop.tedknowledge of the moon.

a, :'Pr_llmi_azyRevise& Chapta_s for t,he Plmuet"_ by Harold _,

f

b. '_he Known Physlca& Oha_act_rlstics of "hhs Moon an.&the

Pla_ts"_ by C. 0, Kie_s an& K_ Lassovzsky, (Air Research

an& Ds_lopment Oo_lman& _eclmioal actor% _o, _58-41_AS_A

Document No_ AD _5-617_ _u_ 1958).

o
'!
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For purposes of design study_ the APL report assumes the following conditions to

exist which are pertinent to the friction problems:

a. _ eff_c_s of cer_in f,_cto_.sin the en_ironment w_3.1be small

an_ sha_ ngt be considered as design condXtionso _These are;

1. meT_te particles
_._ magnetic and,;electric fields

3o eleht._Dmagaetlc ra_lat±on_ except for,the
range of values that affect heat balance

4. corpuscular radiation

b. The Lunar a_osphere is a vacuum.

Co The Luna_ surface temperatu_e falls from a msx_mum of around 400_

Kelvin at the subsolar points to a night time value of approxi-

mately !20 °.Kelvin. ,The f_n_erature deep in the Lunar interior

is 234 _JKelvin. The the_al conductivity of the I,uuarmaterlal

is less thsn 10"4 calo_des per centimeter seco_d per degree Centlgrs__le.

_. S_zT.aced_st conditions are _ncertaln, Althou_l it is necessary to

consider _his effect, it Should not be considered .aprlm_y design

condi_iOno _ne surface layer of th_ moon cqnsis_s of loose particles

appZ_x_ately hh_ae tenths millimeters in diameter aomposed of

mate_.i_lwith a high silica content _hi'ahis a_ '_ry"good insulator.

6,7 _: :.

_yond 4000 mi2_.s_ the v_uum in s_ce is less .than lO _l_ TORRo

7, OF CO IWIOIIS

Lu the _atta¢,pa_t of !960 a _onstructlon p_gra__ _ras'b_guno_ a slm_ted spsae en-
l

vlronment faeilAty _t_L, _here is a contract with Gonaoli_a'_ Vaeuu_ Gerporatlon_,

Rochester,,Nm¢ Yo_k_ to deslgn _nd buil_ a lac'ge, spaee simulator for _Sting eo_le1_
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Lunar and planetary spsaecraft. This simulator will provide an unobstructed spher-

ical test volume 25 ft. in diameter and will contain an a_cess _oor 15 x 25 fro

_he vs_uum pumping system will be capable of operating the c_m_ber at 10 "6 m_ Hg

or lower_ with a test article gas load of up to 0.165 milliliters per second.

i

The radiative heat sink consists of a liquid,nitrogen cooled liner whleh blankets

the interior ws_/i stuffaces seen by the unit under test. Inte_msl qptidal elements

are also ao_led to provide radiative charanteristlcs equivalent to those of the

shroud.

Ra_.ation al_pz_xxlmatingthe solar spectrum in the O_2 to 3 micron region and at

intensity levels rsnging i_Qm that at the orbit of Msms to that at the orbit of

Venus is to be _rovlded initially in a 15 ft. dismeter cyllnd_laal volume cop_ce_

tric with the vertical _xls of the _hamber. Al_gr_ximatel_ one-half of the radiant

energy w_/, be a to _2¼° "__Lthex_tremerays wit._n +/_ 5_aJLfox_i%yis to

be +-I_ frc_ a mean value in the centrs],kor_zonta_L_._'__.e,sad ±15%_in the extremes

-of the illumine_ted part of the test volume..-

.Thesolar simulator portion of th_ facility has been subcontracted by OV_ to

Bausch and Laab Optical Gom_any an0_is beiug developed arotuud2½ kilc_att mereua_{

xenon c_mpaat aa_ lights.

A total of _Ight 18" x 30" va_uu_ bell Jars _re in use or on oz_ler. These systems

_eze specis/ly buil,tby O_ and use a _M_ 1440 di_&fusionpump _ith liquid nitrogen

cooled cl_evronbsSfles over the 8iffusion _p. _is System shoul_ be capable of

hol_mg a p_e_sums of 5 x lO"7 mm Kg vacuumOver periods of several _eekso It is

considered that these systems will •not be suf@ialeD,_y _Jie_n sn_, consequently_

mo_Lfiea$1o_s may be._:*e._u_d._, ..

1964019594-032



An unique eonce_t of p_odueing sola_ radiation within a vacuum ehsmber ha_ been

Li t was

Experiments weZe con_u_te& using a 4 ft. diameter section of a stu_lus searc_hlight

parabola wh_h resul%ea in a col_nnate_ .(6 to 7_) light !_m with a +,_%0 _ v_ia-

tion _m intensi_y over a broaul annular tes.%s_ea, _-_&her work is planned %o aelkte-9_

a better definition of %he spe.ctro-dist_ibution toldto obtain • mol_ unlfo_m radla-

tlon in'_nsity across the enti_e circle (Refs, 6_ 7_ 8),

Fo_ vacuums to lO"7 mm Kg_ Hughes is using both me._cury _ oli diffusion pumps.

The me_mu_'ypumps a_e some that they have _ade themselves, _or vacuums to l0 "9 mm

Kg_ they are usin.ga Varlau Assoelates Vac Ion _. _ey _o net u,secryo_nlc

p_a_pingwith th!.svacuum system_

_hey ha%_ _ne ¢hamber whleh is .capable of going to 10"_q mm _ in about :_00 ct_bio

_ent.l_ete_sOf spa_e_ . This system uf_Lli_es two.me_j dIf.f_ion-lmm_ in seriss

and tWO el_Jogeruiepum_s in series,

,I

I_ general, they use glass en_losu2es for their \_u_ w_k, _e_ ha_s %_mreee_xqpezt

glass blo_e_s who cons.t_.etenciosumes specifida/2%yfor a p_Isular T_S_ As a son-
-?

sequen._ "-h_e_59,sSeoelosure/is essen_Is/_y _oide_ %o i_e sha_e of T2_ i_st assembly

resul%L%g in a _izuim_ of u.nus_d, volume withln %he enclosu_ One a_anta_ gaine_

frc_ T_e use of glass is %hat it pe_Zs vlsua_ observation of _0._ d_osition when

t_s'blngsts._S,. SomeT/m_s va_o_ _eDosits disap._es_ as _he _g;is d_sman_Sle._8/%_

would, give no Visual _ieation of having be_n forage&0
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the O_D. oi'a ball bearing. _ IJD, of the bearing is suppo_e& on the vsaaum

enQlosure, The cup is filled _lithmercu_# _d 8.pressure is malntain_d on t_e

outside of the eup app._oxlmately equal to the vsauum inside the shsmber. Above

the level of the eu_ is a nlt_gen coL@ t_p in the vacuum ahambe_ hr_uslng to

trap marcury vapoz,

For_solar si_ulatlon they use a w_ter cooled (_ bulb DE6, U._hisis an off-the-

shelf item,

_hey axp_esse& eoncera over being able to duplicate experiments_ly the effeets

of the_nal shock _hich are axpee_d _ eceur _etweon the Lu_;_r day and the L1u_

night, _v_ile_ in genera&_ the ope_atlon of Surveyor may oeeu_" only during the
J,

Lunar dsy, it is e_xpecT_d that scme operation iS e_ec_ to continue .intothe

Lunar night before shutting do_a_ The extent to wlz[c_this is done _lll _nd

on _er supply,
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space veh..cleswhich are of a relatively short dmratlon could provide useful frictio_

±nfon_ation if _ey we-_ allowed to continue to operate beyond the llfe of the expeE

ment and moui_r back information on bearings_ gears_ and the like. This informatio_

would be useful even if it welm only to indicate that units continued to operate.

It was indicated that there may be a problem fr_a the st_ndpoint of power that would

prevent co!_t_nuedop_on of experiments. It was also indicated thai-there may be

limitation on the sbility to tranamit information to indicate bearing perfonn_nce.

Eve___onecon 4�¸approaching the problem of space simulation by trying to dupll

care the con&Itions which exist in space ° Apparently little thought has been given

to the use of controlled a_ospheres (inert gases) _o provide conditions under which

results would correlate with_vacuum.

8. PRESENT JPL LUBRICATIO_ PRACTICE

8.l Bearings :

Gr_e 7 b_arings ar_ used with phenolic retainers impregnated with C_neral F_lectric

Versilube F50 oil. Lubrication is s_ple_nted by a thin film of General Electric

Versilube G300 gzease on the races. Bearings are installed iu sealed chambe_.

The seal consists of a double O-ring of Viton A (Parker Compound 77-5_o5)material

wllh the space between filled _ith GE 300 grease. Bearings are equipped with shield_

whenever it is possible to procu_ s_ch (Ref. 12, 13).

Bearing inspection is subcontracted to Dearing Inspection Corporation. Kere they

are _ltrasonically cleaued_ %nm-in in a soap _ud water solution_ and cleaned again.

_ey are then tested on a noise snalyzer developed by Bearing InSpection. Bea_ings

are rejected unless they show a completely random noise pattezn_. A high rejection

r te(5o%)hasexlsted.

I
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A

Bearing I/_spectionalso provides a service in filtering the GE 300 grease to l0

microns. They l_foricatethe bearings with grease and s_pply sy__nges for addi-

tional lubrication in spaces adjacent to the b6aring.

8.2 G_ars :

Gears are in general 1Lfo.vlcatedwith a bomded solid film lubricmlt. TM _ _

bonded molybdenum disulfide (Eleetrofilm 4396) is us_mily used. Wo_ gears and

other gear types having a large smount of sliding contact are avoided d1_eto the

excessive wear and the inability of the _ film coating to withstand the slid/_,g

contact.

9. M/S_2_EOUB CO_

A need is expressed for a "Marx Kanal_ook of Space". This would include'.

a. A list of weldability of materials similar to the galvanic

series ,.

b. _"_neeffect of long storage in vacuum environment on th_

a_he_ence of materials to each other_ such as O-rings

welding to met _s/_liesurface.

c. A list of wear rates of various cemmonly ttsedmahe_Lals

tabbing or each other without lubricatiou.

: d° A list of coefficients of friction of v_rlous ma+_erials

rubbing on each other with no lubrication.

e. _he effect of 1-_nning spee&_ tempe_ture_ sad bearing

t

pz_ssuzes on friction coeITicients of materi_Is in spae_e
!

environment.
t'

_ , f_ The effect of space e_vironment on mat_r_ phys_.cs_

' properties o,
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The feeling is expressed that &eslgners a_e _qu.ired to make too many calculated

risks. It has been suggested that more extensive mechanical experiments be con-

ducted in space (llke the friction experiment on Ranger i and 2) in contrast to

scientific experlments _

From the desi__ers _ st_udpoint_ the primary problems insofar as bearings are con-

cerned are :

a. .Torqueconsistency and low torque

b,, High speed

a, .Weight reduction _ smaller gears and beaz_Lngs_ smaller

motors (less torque requirement)_ elimination of hermet-

ics&ly sealed cases.

The technique of using barriers to stop creep will be difficult in miniature elec-

trlcsl components. For.example, a size 8 motor is 3/4 in. in diameter and 1/8 in.

long _& the interior largely taken up with wire.,

J He_me;fiicseals are not available at high torque level (i00 in. lbs. ).

In g_neral_ the delicacy of most instrument experiments require that some,enclosure

be .providedeven if it is not hennetlcally sealed.

Gases are in general_ heat sinks. Heat conductance from motor azmatuzes must be

through the bearing. Gonsequently_ at cold outer temperatures the teml_rature

difference across the bearing is incm_ase&. This must be gi_en consideration in

establishing bearing intem_al clearances.

Viton A materis_ is cs]_ed out for all 0-ring seal applications_ for the foll_ging

reasons: permeabili'ty_ sterillzation ten_erature z_qplrements_ and radiation resist_

A workable wor_ gear would be very dmslrable because of the large gear reduction

usus21y required with AC motors.
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To date thel_ has been _1ouse of b,_11 screws abo_ spacecraft. Kowever, it is

felt that there will be application for ball screws in the f_tu/'e. The_e -gould

be of the order of a 1/4 in. __Ismeter screw with as fine a pitch as possible

(ve_f light loads).

It was _uggested that stearates be investigated for dry film lubricants°

It was suggested thst w___glenbearings_ impzc,._.tedwi_dq oil be considersd for

some applications (.ld.gnumvitae).

10_, FJ2DTRIC MOTORS

The principle source of _ore2_eon boar_ the spacecraft is likely to be a sm_l

electric motor which c_ operate dlrec_Jiyin the high vacuum of space and is

self-lubricating. Power is genera!]_ in the form of _O0 cycles cur=_nt usin_

synchronous motors opersting at speeds of 6000 EPM or greater° ._nishas two _%m

advantages: there is lit!-&eneed for 400 cycle current elsewhere (the solar panels

generate,DC di'rectly)_d the desired ou_ut speed usua/Jw requires a _omplic:ated

gear train. There, is thus a need for low speed DC motors and _dot_T_d/,y consid,-

e__ble development _ork will be done in this area°

Motors will often find applic_tlon involving continuous operation for extremely

long periods (1000 hours on u]?)_d_ _¢nsequently_ grease and oll must be can-

didate lubricants. This gives rise to a possible need for sealed bearing devel-

opment versus the shieldea "_ea__ngsnow in use. Kowever_ torque is critical in

these applications, An area for further study is the use of external grease

' chambers _esigne_ into the,bearing housing.

Lubrication of antilriction bea_Ings in motors now uaes phenolic retainers ira-

,' pregnate,d with GE FSO silicone oil. Consideration shou_Ldbe given to _m_oved

retsiner ,_'t_rials capable of increased i_regnation. Lonslderati_ should also
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be g_[vento increased, oil capacity through "theuse of integral shaft 11_brlcation and

porous ring impregnation.

A typical example of an AC_ synchronou_ hysteresiz type motor is the following_

Power input - 2 _.:atts
Motor speed - 12_000 RPM
Integral gear reduction - 1500 to 1
Number of gea_ shafts - 6

Besting size - .070 bore (approx.)
Type of gea__ing - spur gear_ 120 pie_h_ 20_ pressure angle

One source for AC motors is Gaylor_ Reeves Company_ Pasadena_ California. They

-6
have kno_ their motors to operate at 5x lO _m _ for up to lO00 hours in vacuum

c]_ambers, Their motors are supplied primazd_ly with Barden_ Microtech_ au& Reed

bearings. Usually the lubricant is specified by the c,._tomer. They have furnished

bearings lubricated w__thsilicones,,,molybdenum disulfide _.d GBS eoatingo

They feel that AC motors _]lll always h_ve to fi]_lthe need for synchronous speed

control since &here is no way at p_sent to get around the speed _gulatiou problem

in DC motors. Otherwise_ the choice between AC and DC is largely a choice betwTeen

gears and brushes. To their way of thinklng_ the ratchet type ef DC motor merely

adds another friction _roblem to the bearings already present. Eo_ever_ they do

concede that the_e may be future spaae application for magnetically detented DC

motors in which t_hefield is rotat_d _ith solid state devices.

Bearing torque,is extremely critical in a synchronous AC motor. This type_ being

essentially a constant torque deviee_ gives peak efficiency with increased speed up

to the stall point° Development effort is a_owaysd_ected at Increasing the stall

level to get maximum po_er from a gl_ea package. Thus_ the level of bearing torque

at the design podnt is esl_cia_ly crltlcs_ _d in some instances_ because of the

_latively low st_rting torque_ bea_i_g starting torq_e may be extremely critical°

Tkis is in cont_t to the D@ t;w_ewhez_ a high sts_._.ngtorque i_ avs_D.able_

dropping off _ith speed an& res_,tlng in peak efflelency in the mi_-spee_ ran_.
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DG motors are a mo__'z_eent developmaut tl_n the AC type and_ _onseg_ently t have

not come into extensive use, The_ ±s_ howevery a strong tendency to use this

type since speeds are relatively low. DC motors fall into two classes: one has

a ratcheting mechanism and the other achieves DG bru.shlessperformance with a

switching field.

At low f_equency t&_se, motors move in discrete steps and this would have to be
}

"t

taken into account in selecting bearings° At high frequency the mo_ion can be

made _ alzproxlaate contim_ous rotate.on, At these high f2eg.uencies_however_ it

is almost essential to have over shoot in order to lock in at the next step, This

over shoot and skld&tng results fl_m a back torque to lock in at the step. They

feel that bearing ilfe is _ut in half by this condition aver what it woui_ be for

continuous _nnlng.

One DC motor manu_actuA_r is _ M_gneti2 Gorporatim_ May_1ood#Callforni_%, They

i
make stepper mo:_orswlthlogic con%rolled fields. Their g_n_l production llne

4

of motors have 90_ steps pez pulse at 200 _ulses per secon_ _hey hav_ made

specis_ motors going as high as 500 .pulsesper second, They a_ _o_%Ing on units

that would harm "hhreedegrees per p_[se_ _hese units will have _o_e_ond_n_gly

high torque and it is felt will me_t a real need for a3ov speed high '_orq_epower_

eliminating gea_ boxes (Refs. 30, 31),

ll. ADVANGED LUNAR _I_

i

]_I,i _he Prospector vehial_ will_tro&u_e the pzoble_ of _st and g_i% o_xthe
4

Lunar _urface.

It rill also Intro0_uce increases in the si_e of co_onen:_s_ l_ger loe_s_ trans-

t

portation_ hols%s_ and other eq_u%_ment handling _gp.lraments ineludlug _a_ases

in durat_.on of component o_ra%io_ A vehicle is desi_& _hlch can o_t_e fo_

a year or _are, Whe _imum o_erating time uill be o_e L_uar _y _ud night,
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Power will be extremely critic_l_ especia&ly during the Lunar night_ so that the

possibility of heating lubricants to su_ive the extreme cold of "thenight is

extremely doubtful.

ApparentJ.y the Prospector program _il],.quickly become involved with ms_unerlLunar

operation. This introduces a question with zespect to existlng,or eperating

dua_ng the Lunar night. Those who aze prLmarily concerned with equipment desi_._

take the approach that equlp_ent wi]JLoperate during the d_y and exist during the

night. Power for daytime operation will be derived from solar cells. _an_ however_

is ex_.ectedto work mo_ easily duzi_g the Lunar night and the problem is to permit

l_.imto survive _uring the Lunar day. This is due to the effect w_ich d_tlme solar

s_ms will have on human tissue during Luuar day exposure° _parent3oy man can be

warmed du__ng the nlght.more easily than he can be protented fro_ oroton bombardment

during the day°

The Prospector _hicJhe will use _leet_c_l power ,%st_ibutlou. There s_ no hydra_Zic

nor pneumatic systems contemplated° _.e so_ce p_e'r•w_L! be largely from solar

pa.nels. So_gever_ the_e is a possibility that nun!_ar p_J_/t ternsor fue2.ce_ll_will

be develq_ed in time for this progr_o
|

_osure of components on the Prospector vehicla to vacuum environment _gillbe almost

a necessity in contrast to the genex_alevasion of this problem on the Ranger an_

Msz_ner vehicles°

%

The Prospector vehicle _lll be contracted as is the S_eyor. W_kle o_!y one Pros-

pector vehicle design is antlcipated# this d_sign may be eombine_ with that of the

Apol2.ovehicle so that the same bus _ _;_.'e_oth _,_ograms, _e is a po_sibillty

that two sizes _Of prospector may be _esigued for sclenti_ic misslons_ coinci@Ing

vith the 02 a_. 04 boosters.
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Apollo is now set for ],967. To coinelde with this scheJ_le_ the Prospector must

know how to do its job by _a_e 1963 and be pem?o_m_Lug missions by late 1964.

llo2 Some Lunar exploratory vehicles a_e being studied w_ch may find applica-

tion to the Surveyor program. One such prototype vehicle has been construn_ed and

test_d by Space General Di_slon_ AeroJet General Cor%,ora$1on_ Glendale, California

(Ref. l).

Tests to &ate have been dlrec_ed primarily at develc&,_entof the electronic

equipment and the basic meahanlcal design while ope_tlng in earth environment_

Only a limited amount of testing has been done in vacuum in an at'_t tO d_velop

a shaft seal for the ma_u motor po_er to the leg.

, Their main proble_ is to get power to the legs from a rotabiug motor. They wish

, _ seal the motor shsfb to permit pressurizing the interior of the motor case to

-L2
7 or 8 Ibs, per squax_ inch opposing a vacuum of l0 r_ Hg at the Lt_ax"surface.

They have succeeded in testing a sea& at 7 psi in a vacuum of lO"7 _ Eg for

approximately 8 hours. This is a wedge type Teflon seal. Attempts to use Rulon

and Flucrascint resulted in leakage, which, though sm_all,was great compa_,_& to

_he Teflon. Hc_ever_ the .Teflonseal also began to leak appreciably when ta_p_

eratflreszeached _O_F.

Design of +_heLunar w_]J_%g vehicle is follo_;ing the _PL sT_n_a_ moon _rlteria

contained in _PL TII 34-159 (l_ef.ll). They are seeking 200 hours o_e_ational
f

life whleh is mezle up.of 8 hour.__er earth &ay .overa _eri,_ of._o L_uar _y_.

_he vehicle cma only o_erate while it is in line _Ith the Goldstene t_aak_g sta-

tion to pemalt cqnmu_Lcatio_ be'Ne_n the v_hicle an& eaa_h.

g

1964019594-042



Leg m.ovammnt is acc_plishe& by cams and _cke.r az_s. In the protetype_ cables

wex_ used from .theroaker azms to the leg but is being _z[seo_tinuedd_ to excessive

cable stretch. In future models_ cables will be replace& with rods_ _he load on the

cam is abowb 200 lbs° Needle bearings are presently being used for the cam zollower.

_le antenna and sc_r panel mechanism is powered by electric motors an& gear boxes

much as dese_ed in p_evious reports of Ranger an& Surveyor vehicles.

The front pair of legs is hinged to pezmit movement from si_e to side %_ steer t1_

veILicle. The knees on the legs ar_ oscillated in miniature b_ be_.r_.ngsof approxi-

mately _/16 in. bore. These bearings &re _ounted in a yoke "with a pin supported in

their bore° Bellows a_e being considered to seal]the leg knees and other _joints.

Tee reasons cite& foz using &egs -rathe_ thar__heels a_e_

a. l_equire less power to walk than to roll in the sandy surface

of th_ moon,

b. Leg extension gives a broad_ stable wheelbase an& pro_l_es for

easier maneuvering over obsta_le_o

e. Wheels would have to be of a radi_s _pproxim_$ely equal to the

leg length and wouldbe _ly heavy _na dlffict_ht to fold

into a suitable launching pOsition_

Plast&c bearings _re sahedule& for use o_ the M_iner R _vehiale in the fo_ of _abre±(

No dlffichlty has been ex_e2ienaed with Fluoroselnt bea_ings except for one b_t'_e

fracguzm which is eonsi_e._e& a f_uke, Fluoroscint bearings were ca_Ae& o_t for use

in louvers in th_ _uer A vehicle, A_b_u.gh the Mariner A has si_e_ bee_ eana_l_ea, i

these bea_Lugs_eze _u_ sueee_sfu_1_7through "N'_.e_ approv_! _s%° i
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The question of he_t transfer using Teflon sleeve bearings _s b-ten r_ised. In

tests which have been conducted at l0--.5n_ Hg _d 6000 BPM on Size ii electric

motets, bearing temperatures reach 300°_ in about 19 minutes. This temperature

_ was meas1_d by a thermocouple in a hole in t_e a_mature shaft. At 70 EPM _rith

DU bearings_ temioerature reached 325°F in a relatively short time and te_ninated

_he fast°. As a result of this_ a program of extensM_,_ temperature measurement

has been Luitiated_i.A belief h,_sbeen expressed by E,everal pecgle at JPL that

DU metal w_ll solv)ethe heat tr_musferproblem due to the metallic backing which _

is used to support the Teflon_ ',

Ba_den has indicated that a maximum of.P.lbso load can be carried on 9_.,to 24

size bearings with Bartemp ret_iners. These bearings operate at very low _peeds

of the order of 150 RPM or ].ess_

/

A dlscussio_/_as held with representatives of Micro Precision Division. Micromatie

Hone Ge_26ration3 Los Angeles;. California, ms_mfacturers of Fabroid bearings

Fabroid bearings consist of a Teflon-glass fibel'weave backed by a phenolic impreg-

: _ted_ gls_s woven backing bonded unde_ heat aridpressu_ to a phe_nol&c Jo_Lrnal.

The _wo layers of glass are,bonded to each other and to the base mat_.2ial simul-

taneously. Sub_equently_ the assembly is heat treated on a ma_,.drelto press to

-_ size.

These are eva.Liableas both zod end and Journal tyge bea_,ings. Rod end bearings
1 : ' '

',c_a be loaded to 60,d00 psi and.On _ou_ial bearings, a msxlmum _eSiga value of
\

_)0,000PV can be tolerateC. Tests are now being co_ducted u_ to 30,000 PV. A

i maximum, surface speed of 150 f_et Rer minute is recommendea_
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Fabroid has been bonded to 440C stainless steel and aluminum, as well as phenolic.

Fabrold bearings are scheduled for use a.srod end bearir_gs supporting the radiomete

on the Mariner R vehicle. In this application ali_%ment is not particularly crit_c

The minimum sizes available are 3/16 in. sleeve and 1/8 in. rod end* The 3/16 ino

sleeve is available only in molded phenolic backing.

This company has had no vac_um experience whatsoever.

A coefficle.ntof friction of .04 is quoted for loads of 2000 psi or larger with a

440C shaft at 56 Bock_ell C and 4 to 8 rms microfinish _. The friction coefficient

is somewhat higher a_ lower loads,

The bearings ccme in _o types: Type i has a double layer approxi_ately _0206 _.,hiZ

Type 2 has a amuble layer (-Tefl¢_a-&lassfiber weave and impregnated glass backing)

of approxlmat_ly .0106.

Although these are basically high loa@_ low speed bea_LIr_s_ they have run at 500

feet per minute with very light load on a servo motor ha_ing intermittent service,

with very good results. It was also stated that these bearings hav_ been used in
&

_ryogenic application with good results. _

13. _SEC_IGAL CO_DTS

.Temperature sad vacuum are considered the main problems with electrical aontaats_.

date all units have been he_etlca/ly sealed because yo_c_not buy a good switch w:[

vacuum capabili'_#. .Itis snT4.c_ated, however, that hermetic sealing cmmot be cot

sideredin futuremissions_for sealeds_stamsa powerlossof $500 to $600_er wa_'

is cited and po_'er is e_pact_d, to be a limiting fantor _until such sources as nuclea

power are fully developed)o, _hus_ vacuum operatLug c8_abilltles _e require<_
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Vibration, as experienced at launch, is not expected to be a problem due to the

very light weight yet extreme sti.._fnessof potentiameter and encoder parts. _e

spring load of the wipers sho,_ldbe sufflclent to maintain contact snd position.

during the short extreme vibration environment.

A ss_Ipleproblem is a linear potentlometer in _lhich the voltage at the _iper

should be directly proportional to the position of the wiper relative to the

over_all length of the coll and the voltage across the coil. The output of

these _mits_ instead of being a straight line_ is a line with severe pe_ks.

This condition occurs while operating in sea level atmospheric cond_[tlons,

WhSi[eits cause is not .known_ it is due to sn increase in reslstance_ which

may be caused by dirt_ The existence of this condition makes one apprehensive

•t_ard vacuum performance

I co_l_ locate no one _ho could gi_ me electricsX requirements that _ould be

_pos_d. on candidate materials i'orelectrical contacts in vacuum. In general

it was difficult to get any i_formation on the subject of electrical contacts,

but it appears that this is a sub_._c_worLd, of extensive investigations. _._cro

switches which are used have gold contact. It is believed that the_e gold con-

tacts actually weld Vhen con±_ct is made and are broken apart by _ring load

when cot&tactis terminated .

14_ SPACE _ICTION _P._RIME_T

An experiment._ecific_lly d_sig_ed to provide i__fozmationon frlc_G.onalbehavior-

in _ "D s_ace vacuum ha_ been scheduled to fly on Ranger I and 2. This _]_arimen_

an_ preliminary laboratory ex_erlm_nts are discussed fully in SPS 37-8 s_d 37-10
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Because the first _,_.ngershot did -:,._tachieve elliptical orbit 3 t_hemaximum vacu._a

-6
aclnieved was of 12_e order of lO me Hg. The data which were telemetered bsx;k during

this .flight indicates friction levels not too different from those achieved in labor-

a_ory tests. These data will be p_fl)lished shortly.

A m&ifunctlon ir the s_osequent firing of Rauger 2_ again prevented the desired

orbit.

L
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Section B
J

P_/kP,J3IGS

i. D]_$CUSSION

While it is recognized that a potential problem area exists with regard to bearings

to operate in the absence of eart_h'sa_nosphere, the problems of validly simu).at_ig

these enviro_mentaA conditions are so great as to prevent ex+_nded testing to dat_..

In the tests which have been per£ormed there has been a su_,icion of _.generatlon

of a lubricating film on the parts due to reabsorption (,fo'_bgasEed particles

(Ref. 58). This cond&tion has resulted f_om necessary use of veau.um facillties

_ of finite volume _n which such reflection is possible as compared +_ the i11finitely

large escape volume of outer space. The deleterious e_fect of lubricant v_.oriza-

tion _id the tendency of materials to weld in vacuum have, however, been suitably

demonstrated (aefs. 55: 56)_

,itthe present time_ pending tests which are programmed specifically for apiece

spplications, we csn on].yanalyze these problems on the basis of basic matez_al

charanterist._cs, experience in vacuum tube equipment and other applications in

which some other extreme en_ironmental condition is substituted for t_lelank of

:_ a_osphere. Development in other-advanced fields of application contribute m_ny

candidate materials. Jet engine reauirements have pioneered the de.velopment of

several synthetic lubricants, grease development i_ directed to temperatures of

• 800 I_ IO00°F, an_ considerable effort has been expended in the develol_ent of

_ dry film lubricants for extremes of temperature and _peeial atmospheres. Several

can@[date,l_bricants are shown in Table 1.

\

,r

Simi'lar].__urrent experlment_l programs have produced not Only significant _°est

results but also consideza_le experience io the fabr._.cationof bea_ngs f_:

nickel base, cobalt base, cersmics, cermet_, ca#01des, glasses_ and otl_ert_con-
I

:, yen .ion_l bearing materials.
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TABLEi

OILS

Vapor
Pressu_

Product Ma_._facturer T_pe _L Hg R_ark_

HT lOB E. F° Hoaghton Mineral Evaporation rate at llO°(
and !0"7 mm Hg^ .7 to I.(

].0-4 gr/_._m_/hour

F-50 General El_c. S.__Tiaone 50 at Evaporation rate less th,
(chlorophenyl- 450°F 1% after 3 hours at 200°_
methyl poly-

siloxs_le)

0S-12½ Monsanto Polyphenyl .7 at _._aporatlon rate 1.59 af
ether 500°F 48 ho_'s at 550°F

Apiezon Biddle Mineral lO-3 at
K 57_°F

67024 Dow Coming Silicone 7_6 at Eye, oration rate 25% af_
600°F 48 ho_rs at 550°F

L-743 Sinclalz Synthetic
MIL-L-25 336

GI_A_ES

Product _a_t'_er I Type'----_
__m_m_R_mll ___w_e__. - J_ [ _I e_, 'n I _ ,

G-300 General Elec. Lithium soap- EvaporGtioll rate ]..0 x l(

i0 I mm r_g
....... . _: ..... ,,-t:;

L-760 Le_hi@hChem. Ester thiakene& Evaporation rate 0.1 x i(

atnO°C
,- ---i0"immKg

EG _18 M-I_-G Poly_hen_l ether

ETR-B Shell Silicone thlc_oned Evaporation rate 1.0 x I(

. gr/o=_/hoN at :u.o°ca_c
lO- _ mm _g

_---------.----- :_______ ........
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Experience with actual space flight mechani_ has been relatively limite.d compared

to the eventual goal of our national space program. Y_lthese mechanisms it has

been possible to circumvent bearing problems due to short life duration a;_ the

ability to establish environmental conditions _ith_m the range of past a.xperience,

_als approach while pelmlltting space flights now, adds little to knowledge needed

for the future.

Our _proach herein hp_ b_en -tolecommend T/losebearing systems _'bAchoffer promise

for space application, on L_e basis of existing experience with other extreme appli-

cations, and to propose further experimen%_l -_crkt__fill in those alias _here.

further development is essential° Load, Speed and Duration o£ flight have been

t_ken as "theprinciple paramete_rs for ini_isl lubricant and material selection.

Before discussing these recommendations Jz detail, it is in order to relate the

space problem to the existing state of the art.

i.] Sliding Friction in Ball Bearings:

Ant._ricTion bearings cont-.inthree elements of sliding con_%:

a. Differential speed in contact area _ Izla ball bearing under

pu_m radial load, pure rolling is accomplished in ord_ two rela-

tively narrow bands ]_ocatedapproximately at the centroids of

" the contact area, on each side of the center li_e in the direction

of rolling. At the center line as well as at t.heou_.'rextr_m_Ities

of the contact area, _fferential slip is induced. These incremen-
J

i ta! sli0_ingcomponents, fortunately, are low in %a_locityand
7

invoke only low order 1LfOl'icatlonrequli_ments.

' _t b . /m a ba3.1bea_mg traderaxial loaS.,the contact aa._gl_causes the

,_• bsll to race contact to be inclined with regard to the aenter 1.rue
,J

_ i of 'the shaft. This means that t_,_increments of the contact are on
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on varying radii from their ceatezs of rotation, thereby invoking

a rather severe instRntaneous twisting of the contact areas. These

shearlng forces impose a severe requirement on the lubricant, and,

in the case of marginal lubrication, have been demonstrated to in-

crease friction and accelerate wear dramatically.

c. Friction of the cage against the lolling element and guiding lands

results from differential speed of the members of the rolling ele-

ment complement as they enter arialeave the radially loaded zone.

Tkls type of friction is self-regenerative in that deterioration

of the surfsr.esin sliding contact increases the friction and this

in turn progresses the deterioration of the surfaces. It has been

demonstrated that cage friction, by increasing the rolling contact

tangentisi effort required to rotate the cage-rolling eleme,nt assem-

bly, can precilpitate failure in the area under rolling contact as

well as in the retainer contact. In a full type or cageless bearing

configuration, friction between the rolling elements is substituted

for the cage friction and at ID,gher relative velocity.

1.2 Lubrication:

Lubrication of bea1:Lngs in conventional applications is based on the simple theory

that the rolling and sliding parts will operate most satisfactorily when separated

by a thin film of material of low shear strength. The problems associated wit h

high temperature_ cryogenic, vacuum, and any other extreme application begin with

the inability of conventional lubricants to sustain such a film under these environ_

mental conditions.

As a general r_le, the order of preference in lubricating systems is: fluid# grease

and dry film.
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Oils and greases oi"E=_-the advantage of low _;orque. There is a wealth of bank..

ground experience compazed to other lubricant t2pes. The "_e of oils and greases

......_ves relatively simple techni_aes_ compared to the _licatlon ofgenerally "....

film coatings_ with attendant increase in reliabilJ.ty.

There are, h_ever_ special considerations which must be given to "_i_use of

fluid lubricants in space envi,_onment. _hese include : los_ of fluid by evap_

oration and creepage_ frictional polymerlza'bion catalyzed by clean metal surfaees_T

effect of absence of oxygen and other gases on the formation of lubricating films,

b "_-rand radiation st_ illuy. These factors are discussed at length by Dr. Clauss

Oils an& g_ase_ _il£ contln_ to find apI_lication in s_a_e me_b_ui._ms, _!¢_

these effects.. _uy objections to the usa of sacb. lub_c_ts in space m_hani_ms

can be overcome by &esigu ingenulty_ For exs_ple, experimentation at F&_ ha_

_, shown the £easihiliZy of utilizing a pOrOUS ring in the inner race to supply _ma].l

quantities of fluid !ubrican% f._cman integral shaft rese_oiro Grease lubrica-

tion may be extenied by appropriate _esign of the grease c_ity. Boots a_ be

designed to hold p_essuze and deter e_/aporatlon.

Lu some cases_ extended fluid l_bricant li_e will _equlre _evelol_ent of seals

to retard evaporation an& to sustain high presm_es lu hhc lubrlcaut _avity.

_ Future space vehicles _ill make exte_si_m use of dry fih_ iubriea_hs au& self- "
!

lubricating _te.vlals. F_perienee _IN_ high ta_'atu_e bearing d_velq_ment b_

sho_n that f_.c'M.on_wear_ _d. iS2e are dependent on the ccmbinatlon of lubrlc_uts

and materials in _om,taG% No general _ule exists to _e_it the selea_ion of a_

ephtmu_,m_te_'ial for a N.ven temperature ._nge; In t_ "hheoryof dry film lubz_

: cation the co_ination offring an& rolling element mate_i _Ith &he _etaine_'

: _ material and. dry £ilm aoarlng _'e_of importance in _h_ &ev_lopmant of a self-

• \
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regenerating lubr__.catingfilm, In any dry film lubricated beari_g_ either the

materials present or the a_osphere must provide the reagent reqa£_ed to p_duce

a benef.!cialoxide from the combination of t_ dry film and bearing materials o In

this connection .the composition of the "_._ts_uer,ring and ball or roller materials

is significant with regard to the presence of constituents capable of foxing

eutectics in combination with the dry film material_

In vacuum, tl_ lubrication problem is aggravated by the lack of atmosphere since •

the oxides an_ sulfides generally attendant in t he matel_al su_£aces tend to

_Z_inish_ presenting a puze surface to aontact. Under these con_itions_ there is

a te.n_encyfoz materials to weld together. Them problem can be attacF_d in t_o

ways_ by separating the mating surfaces as by a film_ or by de_loping materials

which are compatible in contact with each other_ _md thus will mot-weld_

In general the following materials appear to _ossess the charaate_,.isticsdesirable

for combining with existing lubm_cants to satisfy,the majority of c_iterla for

outer spa_e applicatlons: M_-50, _40-CM_ Re_e' 41._Stelllt_. 6B_ S-N.ouel_ Ni-Res'_st
) ,,,

(see Table 2), _aese materials are high ±_ nickel, cobalt or-molyb_num aQntent.

Under margln_l lubrication drastically greater friction sa& wear result from sliding

than from ro_g, At the present time, pe.u_Ing development of materials and test

_ata, design ingenuity must be directe& "_o_a_ __0iding slidi_g comt_cto Eo_eve.r_

even _ sliding, csadi_te d_F l_bricauts exis_ for space appl_catlon (see Table 3)°

Ther_ is no kuo_n bearing design configurat&on which _ill _l_inate th_ sl:[_ng

friction in ths contact a_eas Of a bs2_ibearing under axial lo_. _he m_s/_ _bviok_

solution to this _hase of the p_oblea_ is to eliminate _i_&. _koa_Ingwh_'_r _.Qsslb)_e
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TABLE 2

MATEBIAIZ

Designation - Content

B-100 1.25 C 16 Cr 8 W 8 Co 4 Mo Bal Fe

WB 65 1.0 C 16 Cr 4 W 5 Co • I V Bal Fe

Stelli1_

_ 3.063 i.i C 30 Cr 4,5 W 3., I_i Fe Bal Co

Rene' 41 .09 C 19 Cr 1.5 A1 3.1 Ti ll Co l0 Mo Bal Ni

440-CM 1.15 C 14Cr 4_0Mo 0.50Mn 0.50Si 0.25Ni

4_0-C 1,15 C 17 Cr 0o45Mo 0.50Mn 0.50Si O.25Ni

Stellite

25 0.1 C 20 Cr 1.O Si 3.0 Fe 15.0 W l0 Ni Bal Co

; M-50 0.8 G 4.1 Cr 1.1 V 4°25140 0.30Mn 0,25Si Bai Fe

" Ni-Resist 2.6 C 4.5 Cr 5.0 si 0.4 Mn 29.0Ni Bal Fe

"__ S-Monel 63.0Ni 30.0Cu 4,0 Si e.O Fe

Pyroceram Glass having nucleating agents

i Tungsten
• Carbide CA-3 94.0WC 6.0 Co

J

.,  -5o
(Carburlzed) 0.8 C 0.31_ 0,_25Si 4.0 Cr i°0 V 4.95Mo Bal Fe

H-12
(,NitriteS) 0.35 C 0.29Mn 0.77Si 5.0 Cr 0.24 V 1,27 W i_3_o Bal Fe

I

Rulon Glass impregnated Teflon

i Armalon Fluorocarbon resin coated glass fa_bric

Fabroid Glass-phenolic reinforced Teflon

_ DU Material Metal reinforced Teflon-lead mlxtun_

il '
"t i ./
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Tm'_LE 3

L

Type i Temperature Range

PTFE - Teflon -430°F to 350°F

MoS2 - Phenolic Epqa_yBon& -300°F. to 700_F

"0 oMoS2 - Silicone Resin BonAed -3.0 F to 600°F

MoS _, Sodium Silicate Bonded -365QF to 1200°F
2

Gol_ Film -65°F to 900°F

Metal Free Phthalocy-_n!ne room to 950°F

....... 7ooF ....CBS CDL-S9_0 room to

Electrofilm _lOOO 80C°F to 1500°F

('GraphiteCers_ia Bond)
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s 0_a
%rery_ S_d _bo_e 500 x i0l0 Above 100

JHigh Load-Low Speed Bel_¢ i_8 x l_l0 Below I0

Low Load-Eigh Spee& 128 x l0lO to 276 x l012 Above 40

l0
Low Loa&_.LowSpee& Below 128 x I0 Abc,_e15

S = N 3 &3D

=

& = Ball or z_ller diameter .(in.) " ,,

D _ Bearing pitch diameter (/_m)

2

A_lled _a&

*from manufac_trer_s ca,talog_or deri_ed from.AFBMA &_ta

2.I Tw_ at Start of Misslon_

Witbin th.es_, categories we _'e donside_&_ flrs_ the service requirement of

aI@roxm _tely two heu_ of operation at.,the beginning of a mission. _se mechan-

isms wi%L be subjecte& T_ atmospheric con_±tions ranging fz_. nominale_rth_s

atmospheric p_assuz_ to high _qa_a.

_or the high loa_lo_ s_ed _ategory we z_cc_n_ the use of _il lubrications, applied

tO b_ll or cylindrical roller bearing_ of M-50 high s_ee& _l steel_ litre& With

silver plate& bronze _t_ers.

This suggestion is ba_e& on speclfi_ experience galne& in li!%_.df_el pum_s for roaks

_gors suah as desigae&, msaufacture_, an& tested by Rocket_Tne Di_lsion_, _hla ex-

pex%enea included %_heoperation of be_rlngs at high s_ee_ a_& un_z high s_ecifla
q

l_a_ an& %_.u_& *_heffa_el_ent O_ lubricants mad lubrias.;gltonsysta_s _m'over_o_e

the proble_ of foaming at high altitudes. ,
/

q
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_-_ _ As an alternate, grease lubrication may be used with either ball or cylin,&rical
I

#
roller bearin_ Again we recommend that the ring an& bs_,lor roller mate,_.ial

" should be M-50 steel. In this case we v,ou.I_dsuggest that the retainers be menu-

lactated of S..Non_l.

While grease lubrication has demonstrated its ability to lubricate bearings
I

fLtted gith silw._rplated bronze retalners, we have fo_1& that a reduced section

retai_er design can better be &ccc_plished by' th_ use of S-Monel. In grease

lubrication the mechanism of grease motion and transfer to provide lubrication

to the critic.a_bear:htg e?ements is of great _._po_ance. A properly designed

) retainer for grease lubrication _ili not o_y be of minim'am section but will be

contoured to promote the flow of grease from the external surfaces of the bearings

'} into the ball or roller eom_lem_ent. In general, a g_ease lubricated bear'_ugwill

,), _ generate more heat than s_uoil lubricated bearing. Perhaps thls•could be stated
in another Way_ that with oil lubrication heat will be carried away from the rolling

A

element contacts ,faster than with grease lubrication. The S-Monel retainer ma_.'_rial

has a higher l_miting temperature than silver plated bronze retainer and_ therefore,

4 for this reason also is a better selection for this category_
J

i: As a second alternate we recommend the use of ball or cylindrical roller bea._ings

_ with rings and ba_la or rollers of P_ene'41 and re!m.inersof Ni-Reslst. These

bearings should be lubricated with NArD AML-23A d_,_film ap_lls& to the retainers
£

0nhr. ,

_ In any bearing, heat generation mac stabilized tem_eratu_ a_ functloms of los_l

and speed. ' The use of a d_y fil_llt_rlcaut results in a higher frieti0_ torque

than obtained,with oil or g_ease lubrication. Even with the relative]_ low am--

"') bient tem_er__res ass_e_i for this .study, this bearing, operating unile_high loml,

i mUSt be assilg_edto-t_\_',':c_t_gory.Of high temperature heari',tgs._._fOre, OUr

i _. experience with high temI_.rs,tu_ ball and roller be£rings o_erate_ in',Na_•bec_ames

I
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pertinent. _e materials indicate_ above have been _ound to operate rellably_ well in

excess of the t_o hour service requlrement, _hen _icorgorated into bearings of s_])ro-

p_ate design_ These design criteria include exceptionally large clearances_ both

bearing internal]cleaamnee and clearance of the retainer wlt_ Its guiding land and

with the balls or rollers. In ad_.&lon, such bearings m_st include in their design,

consideration of escape paths for _ear debris° For ball bearings subjected to thrust

loading open conformity midstbe used, c_mblned with the large cleal_mces mentioned

prevlously_ requirlng_ in t'Irn_exceptlona3_l}._large race shoulder heights to mmtain

the contact areas _ithin the races (Ref. lll).

Care must be exercised to a_oid rigid axial preloading of such bearings. Single a

high temperature bearing o_ter race cannot be depended upon to sli_e in a housing,

it is necessary to exercise design ingenuity to introduce spring l_reloadlng through

diaphragm mo,_utingsor similar devices.

Usually it is more conveale_t to mount one ball bearlng and one roller beaching on

the shaft to be supported. If the _t is unidirectional at all t_es this arrange-

ment is simple. Howe_mr_ if the thrust reverses during operation, the s_ugle row

beaz__ugmust be designed to support thrust in botch__Irections, or the oppose& mounting

arrangement discussed above must be incorporate_. A bi-directional thrust bearing in_

corporating the features listed above can be manufactured, although the design of the

_ear debris escape path6 pre_ents considerable difficulty_ with this design.

For tha low loa&-high spee& category_ still in _he short service l_%e ,re.g_Lvememt_ we

recommend the same bearing as our first chelae for ths _ecedlng _ateg(_kvy:a b_l or

c21in_'ical r_ller bea:_Lugwith rings and balls or rollers of M-50 steel. The iretalne

should be of silver plated bronze_ except for very high speeds, in which ca_e re%alner

should be _f bakelite compo_u_ mat_al_. ..- ,.
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) This basic recommend_&ion is again base@ on _wparlauce with _ket engine fuel pum_

drives, proving the practicality of the lubrication system, and is sub_+_atiated by

thousands of success_eulalygllcationsof high speed bearings, including Jet engine

mai_ shaft sa& aacessory applications.

In the very hizh sge.edrange, many product development and beax_ng re.searchprograms

have demonstrated the superiority of the bakelite compound retainer. Wi_h_ oil l"_

cation an_ within the temperature limitations of this material (al_grox. 300@F) _the

use of the bakelite cc_poun& retainer permits higher Sl_ed operation than possible

with any other known retalne_ material. Its light weight and oil wlcking and reten-

tion properties combine to give _his material these excellent propels.

In this category as an alternate we recommend grease lubrication _ith the same M-50

steel ring and b_allor roller material. In this case the retainer should be of

: S-Monel.

Again, wlth the introdu,;_io:_of @_ease lubrication it is necessary to inco_orate

reduced section; contoured retainers to p_mote the flow of lubricant into the

bearing areas. The beariug operating temperature can be expected to be higher thou

with oll lubrication. Both of these factors direct o_r recammendations to S-Monel

for t_z.sretaine_. In view of its rela'_Ivelylow specific strength_ the design of

reduc,edsection retainers of bakelite is questionable. While many grease lubricated

be&rings have been fitted _ith bs/<elitecompoun_ retainers, the bulk of the retalner_

•makes it difficult to promote grease flow, requi_md for relia3_lebeaa_ng l_rleation.

However, there may well be specific bearing designs outsi_e the generalized scol_e

! of this presentatlon, which could Justify the introduction of the bakelite compound

retainer in a g_ease lubrleated bearing.

r
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As a second alternate the ring.and balls or rollers should be manufactured of Rene' 41

material and _he reta&ners of Ni-Resist. The retainers should be dry film coated with

NAM_ AML-23A.

While this alternate must be included to cover those a_pllcatlons which cannot tolerat

oil or grease lubricatlon._ it must be recognized that the l_m_Iting speed of dry film

_---_-_ __ is _a_l_ lov.er_h_ _+_4_ with a-_-_ or grease lubrica-

tion. That dry film lubricated bearings are applicable for this requirement has been

amply demonstrated by programs at Stratos and NASA_ Lewis Research Center (Ref_ 57).

2.1.3

For the low load-low speed category we recommend the use of grease lubrication in

ball bearings menufactured with rings and balls of M-50 steel and retainers of S-Monel

The requirements of this category a_e easy tb meet. In fact, the rings and balls of

these bearings could _ell be of S_ 52100 steel or _0-C stainless steel. However,

we feel that a slight impro_-ement in reliability is achieved by the use of M_50 steel

and in addition, bearings of this material had a wider range of potential application,

beyond the simple requirements of this category, as defined. Again, retainers of

S-Monel a_e recommended to provide a high strength material, pezmittlng design latltud

necessa_ to assure grease circulation'within the bearing.

As an alte_ate we recommend ball bearings of modified 440_0 zings and ball material

equipped with Rulon retainers to permit dry operation.

This rec_nmend_tion is based on test experience accumulated with dry bearings, in '

various atmgsphe_s _ ove_ temperattu_e ranges from 350_F to -3Q0_F at various labora-.

tories including NASA, Le_is Research Center, Bureaa of Standards Cryogenic Lebora_ry

and M-R-C Research Laboratories. We have repeatedly dcmonstzated that 2048 si_e beari

are capable of _ operation, obtaining lives fs_rin excess o_ _he requirements of th!

category.
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As a secon& alterna'_ we recommend ball bearings with rings e_d balls of moAifled

_0-C, z_tainers of S-Monel, with _etaine1_s an@ balls dl_"film coated with _P_

i CDL-5940.molybdenum dlsulfi_e-silver dry film.

Ball be&rln_s with rings and balls of 440_C type material dry film coate& with CBS

CDL-5940 have been operated for relatively long perlod_ of-time (approx. 3000 hrs.)

i_ vac_ :_.t_be l_tating anodes° In this application _ lo_ is low and _he speed

nominal, for the bearing size involved, In these bearing_ only the bs/,iswere d_j

film coated. The addition of S-Monel retainers vlth dry film applied to _e

retainers as well _s the balls, is our recommendation, based on comparative tests

of bearings with an& _ithout retalners_ in air and inert a_ospher_s.

_or the osf._Lllatingbearing _ategc;_ we recognize that aligning ability is a usual

i re_iirament for _his ty_e of bearing. Such bearin_ ar__available in ball and

roller antifrietion types, as well as plane, swed_ed or inserted, types.

As ou_ first r_eu_mend_tlon '_esuggest either_antifrlction _]pe, glth rings and

) balls or rollers manufactured of modified _40-_ material, grease it_ricated_

., These be_ings can be sealed with inte_rsl bearing see&s of synthetic rubber or

" Teflon. ,

"i

No rellability _oblams should be encounteredwlth this type_ for the two hour

_ se_Ice indicated. Even if grease pu_ging occurs i m_fficlent lubrlcan_ will _ain

: i on the critieal bearing parts to _rovide am_le lubrication. Even if the integ_-al

_ bearing seal_ are m_nufactured of synthetic rubber, the shorT,time of exposure wLll

! not peuuit &r_stie _eterloration.

As an alternate we "_e.co._me_ a _laue type bearing, self-aligning, in which the loaa

• carrying _arts a_e se_arated by _flon im_regnated fabrlc_. The bes,rlu6 pa_ts should

i b9 m_uu_actured of modifle_ 4_0-G material.
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This re_umaend_tion is based on tests at Boeing Airpl_ue C_any, _luatlng various

types of _lan2,s_herical rob-end aud control bearings (Pafs. _, ll3).

In the analysis of expecte_ service d_ty we have r._xt considered mechanisms w1"_Ich

_ill be require& to _2erate continu_n_ly for a three-_ont_amission,

2o2.1

For the high load-low speed an_ low load-high speed categories, it is _npor_nt that
t

thrust be avoidma exaept to looate parts. This may be aecc_lished only by careful
#

/

cgn_ideratlon of ¢_e basic m_cha_ism d2sign tn make sure that no more than incidental
_z

locating thrasts are alS_liedto th_ bearlugs.

_ o',_rfirst reoc_mend_tio_ in _hls category we suggest cylindrical roller bearings

in w_dch .the rings and.rollers _re manufactured of Stelli °�6]3.These bearings shoUld

be _lulp_e_ with retsluers Of Ni-Resist, _& tha retainers dry filmea with NArD A_L-23A

dry fi3_ mat_rial°

_ rea(m_aend_tlon is based on experience gai_ed with this material combination aud -

dry film in our work _s_lerContract AF 3_616)-6650 to _evelop bearing desig_ crlteris
r,

for ]200_F aa_ _0_000 ft, s_mulate_ aitit_de ](Ref. 112). Act_ally there is very _

little p_eference between Stelllte 6B _u_ Rene' 41 for this ap_lieatlon. Both are

_orrosion resistant, aa_ bo_A are es_mble of resisting the friction generated +_.m-

_eratuz_s eoo_ect_din _thls Bearing,

As an altern_ts we r_e_mm_audthe _lane ty_e bearing with the bearing parts maaufac-
/ I

tu_ed O_ Stel2_te 6B_s ,e_ted by a liner of Te_lon Impregnate& f_,brlc,.
/

/
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2.2.2L____o_-_@ _:

, In the low load-high speed cs.tegory_e recommend ball bearings_ with rings and

.balls manufactt_ed of Bone' 41 m_terial, and fitted with retainers of Rulon.

This bearing _ill operate dry.

_ Experience g_ined with high tem_eratuam bearings at M-R-C Research and with

; cryogenic bearings at the Bur_ '_of Stan6zr_ Cl_logenicLaborato_, o_ndNASA_

Lewis Eesearch Center, indicates that this bearing combination is capable of

operating _ relatively high speeds in the absence of fluid lubrication. The

_. maximum speed is tem_eratume llmited_ indicated the necesslty for apglylng only
A

low loads sad minimizing internal friction.

i

_ an alternate we suggest ball beal_ngs with r_igs and balls manufact_red of

modified _O-C material and retainers of S-Monel. The ba3_Isand retainers shoul&

: be coated with CBS 0DL-5940 dry film material.

.Theab_.ity of CBS dry film to lubricate at higher speeds has not been positively

i establisI_ed. The ample lives obtained at lower speeds warrant consideration of

the bearing eonfi_u_t_.on as an alternate in this category.

2.ft.3 Lo_ Load_Low Spee_:

In the low load-low speed,category we ree_n_ first a plane type.bearing with

the bearing,_a_s mantlfacture& of _odifie& 440-0_ sepa_\_tedby a liner of i_preg-

nated Teflon or _flon in_p_gaated fabric,

&

Belectlon between the tu4ot_ges of Teflo_ liners Will depend on th_ load level.

The Teflon im_lat4& fNbri_ _evelo_s higher friction an& su_fers gre&Zer _e_r

thaa the i_regna_d me_l. Howe_er, the foyer will withstaud u_it bearins

) _r_ssur_sof only2000psl,whi_ethelatterh_ been +È_%000 _si'(_e_
; 46, _9). ' '
• !
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In the case of the fabric, difficulties have been encow_tered with bonding to steel

parts, and swedging of prebonded pa_ts_

Solid Teflon liners have exh_hited some undesirable characteristics, leading to the

development of the impregnated Teflon type of materials.

As an _iternate we recommend a dry _s/l bearing with rings and balls manufactured

of modified 4/_0-Cand equipped with a Rulon retainer.

This bearing design _iustbe considered a vel> strong alternate to the preced_ig

recommer_dation, on the basis of tests run at M-R-C Research ariacontemporary ex-

perience gained at NASA, Lewis Research Center and Pratt and _Cnitney Aircraft.

As a second _lternate we rea_end a b_d_lbearing with rings and balls manufactured

of modified 440-0 eq_pped with retainers of S-Monel. The retainers and balls _,,_,id

be coated with CBS CDL-5_40 dry film.

The _onditlons of this application closely simulate those under which CB8 CDL-5940

dry film has been _eveloped sad tested. On this basis a life o:_23000 hours may be

considered to have been establ_ished_ although the spe_21fictesting conditions can

hardly be considere_ the basis _r a positive generalize& recommendation.

i In the oscillating bearing category we recommend a stir-aligning ball or roller bear-

ing _ith rings and balls or rollers manufactu_?d of modified 440-0,_the use of a

Teflon ]sootequipped with a spring operated pressure relief valve set to hold pressu_

slight2y above the vapor pressure will _ex_it the use Of g_ase lubrication,

We must emphasize thina_vaut_ges in llfe and reliability obtained by th_ use of g_eas

lubrication as compare4 to dry bearing qgeration. Wh_le we have avoi_e& the recom-

mendation of oll or grease for the thlrty-d_y ser_ice requirement in _'Aeother bearln

applicatlons, it is because we could not envlsion the use of a he,tic seal to fetal
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, the lubricant. With this arrangement, as described above, we strongly recommend

the use of grease lubrication° The use of boots has been cc_.on p_tice in air-

craft mechanisms for many years, and the only problems _hieh arise in the adapta-

tion of this deS:f.gn to outer sp_.ee is in the selection of the boot materials and

in the deve].o_m_lltof the spring operated pressure relief valve, These problems

certainly should not prove to be in_untable.

"_ As an alternate we.recommend a plane type aligning bearing in which the bearing

'_ parts are manufactured o£ mo_fied h340-C,separated by a liner of impregnated

_. Teflon or Teflon impregnated fabl_c.

2.3 Y_te_nltt_ut ration Two-Year Mission|1
Z_
t

,- We have nex% eons-lde_-_&r_eommend_tions for bearings for _echenisms for a _o_

e

_; year mlss.iom_ in which t_e mechaai_s will be reqttiredto operate only for ten

, ! to twelve short _e_riods of timel for approximately two-houz'cycles.

!
i

, For thi_ _uty, and in the high !o..a_lOw spee_ eat_go_ we-reec_men_ cylindrical

" _'- roller bearings with rings and rollers manufactured Of 8tellite 6B eq_Ippe& _ith

ret_S_e2s of Ni-Resist, with the retai_ers coate& _ith NA_3 _,ML=2_ 0_y film.
&

,i:_ It must'be a_reeiate& that d_ film lubricated bearings are not e_@_ble of sUs_

.t_ining a_ mttch_o_i,. even at low speedi as oil or grease !t_ricate& b_arlngs°
'_ ,

,} In _t2_Is.,c:a,se.it&_ estimate& that the aa_imum load for taN.pe'_aN_re'st_bilizatlon

:/ !I _y not be above that re_se_t&ng a C_' of 3.

%

,ii. . As an effectuatewe, ._mmnend a plane type be&ring w_ah component _par&_ mant_aa-'.,.,

f 'tur_l' Of 8telilte 6J_ separate& by a linez' Of im_reg_ted Teflon or ,Teflon f_t_g-
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Available _t_ indicate that liner materials of these t_es will not _teriorate,

even over a two-year ex_os_l_ tlme,(Ref. 77). On this hasls this recommen_tlon

a_pears logical for the seinereason and on the same basis as tu_eC,for its selection

for the three-month duty cycle.

In the low loa_-high s_eed category we recomaen& ball bearing_ with rings a_.dballs

of Rene' 41 material equlppe_ with ....-:'_on re'bslners_ _%ese bearings are to operate

This is the same reeca_en_tlon as made for the three-month duty cycle for the

low leeA-high specscategory. The validity of thi_ recc_nenEatlon is baeeE on

evidence that two yea_s _ exposure will .not deterlorate Rulon zeteiners,

As _ alteraa+_ we reeommen& ba3i bearings _ith _ _gs and b_lls mauufaet_im_ of

modified _0-C, "a_ eqtti_e_ _ith retainers of S-Monel. The _eTmlners _ bs//s

shoul& be coates with 0B_ _9L-_940 dry fi_m.

There is no indication that the CBS 0DL-5940 dmy film will _e_rlorate due to two

years' ex_osu_ %o the environment of outer Sl_ce, _he_fore, the seinealternate

recc_mend_tion a_ears to be in order he_e, a_ for the three-month _t F cFcle, :

_.3.3 Low Loa_-Low S ee_z

In the low loe_-low s_peefl,category We rec_n_ a _leae type bearing in whldh 'hh_
t

bearing _a_ts are m_u_fa_tu_ea of modiflea 440-8and Se_em_teawlth a liner of

im_re_z_a%a_Teflon or"_Zlon Im_reS_zai_z_'f_brle.u ,'-_

' " _Ltz,i
As an alternate we reccmm_n_ ball bearlng_ with rLugs an_ balls mau_e_tu_e_ o_

modlfie_ _0-0 au_ e_e& with _ulon ret_uers which will _emmit _ o_er_tion,"

This is the same bearing e_'raa_nt recc_men_ea a_ an alternate in the low loa_..

high speed, category. At lower _e_ i'tshoul_ be even mo1_ reliable. :
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_ As a second alte_iate we recommend1bal_ bearings with rings an_ bsG.lsmanufac-

tured of modified _0-_, eqt_Ip_edwith _talners of S_Monel. T_ retainers and'

_ balls should be coate_ wi'_hCBS CDL-5940 dry film.

!,

This alternate recc_men_tlon is an extension from the alternate recommcndation

_ .ms_e for this cat_gory-for a three _onth service life requirement. This is Justi--

lied since there is no evidence %o the effect that CBS CDL-5940 dry film will

deteriorate over a _._oyeaz exposure to the e_vi_nment of outer space.

P-.3.40scillatin_g:

In the oscillating bearing category w_ again re,co_r_cndgrease lubrication applied

i to modified I_,.O.-C, self-aligr_ng ball or _x_]2ker bearJ.ng. The bearing sho_12kd be

protected by a boot,either of Teflon or stainless _teel bellows. .Ineither case

the bearing cavity shoul_ be equipped with a spring operate& pressure relief

J -- valve to maintain a _ressure slight&y above "thevapor pressure of the {_rease.

Lu .a sealed c_Ity it should be pos,slble to maints_.ingrease lubri_snt withoat

_ loss of its l_brics.ting_roper_ieso .Inorder to acccmplish this, it will be

_ nec_s,s_F to l_I_vlde a _rable boot. While iS is assumed_ on the basis of avail-

-_:iabie li_erature_ that Teflon will no_ deteriora'_a over a two year exposuze, when

subjected to flexing, a back-up recommendation of a stainless steel bellows appears

, .t_ be in order.

! '_ Aa s_ualternate we recommend a _lane type _ligning bearing with bearing cam_one_t

, parts manufactured of moJ_tfia_ 4_0-C separa_'_dby a liner of impregnated Teflon

' -,_ or Teflon impregnate& fabric.

) We have next consldere& a _uty cycle consisting of full time operation over a two-

year mission. Pauelty _f.available information make_ our reeommendatlons for thle
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J

_ervlce life quite hypothe.tlcal. Bear in mind that the±_ are relatively few on-earth

beal_Lugal_91icationswhich have run two yea_, without some atteptlon, such as re!ubr

cation. ..

2.4.1 _ow S_ed:

In the high losxl-low speed care.gory,foz:tk!s duty cycle, we recommend a cylindric_l

roller bearing with rings and rollers mauufactua_d of Stelllte 6B, equipped Mlth Ni-

Resist retainers dmy film coated wlhh NAMG AML-23A.

Assuming no deterioration of bearing m_terials or dry film over a two year exposure,

the factors which will cause such bearings to become inoperative are increased

clearance an& surface roughening @ue to wear and accumulation of wear debris in

critical bearing axeas thus preventiug motion of the component parts (l_f_ l!O).

Wear is a function of load and number of cycles. Therefore, the loa@ and the speed

should be kept as low as possible in all cate.goriesjfor this selwlee condltlon_

: Contact stress to load rat&os must be minimlze_ an_ the bea_ing design arranged to

_romote pumglng of wear debris from the paths of rolling and sliding contact. The

absence of air blast or gravity will make it necessary for the bearing parts them-

selve_ to push ot_tthe wear debris £rom-taese critical areas. _

For the low loa_-high speed category we nccc_men_ ball bearings mam_facture& with tin

and balls of Eene _ 41 material equipped with _ulon retainers, which will permit dry

opo1_tion.

For the life required, the limiting s_eed of this bearing tYl_eand the si@aifieance

of minimizing loa_las pointe_ out in the p_ceding pa_gra_n may make of this recom-

mendation only an alternate 8_llcable for both t_e high load-low s_ae@ and low load-

high speed eategorles. We feel that heat generation may well prove to be a _roblem
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in either of _hese categories and that _ _Lgh temperature ring and ball .material
t

wili be required. Ho_-ever, if the frict_ '_;is hlgh enough to generate sufficient

heat to necessitate the use of high temperature _._at_rlals#the wear in the Rulon

retainer may well be excessive over a two-year service llfe. In the face of com-

pletely inadequate experience and t_st data we can only recommend this bearing

__terial cc_blnat_ou as constituting a likely cs_udidatefor this service.

2. o3 "row speei:

For the l_ local-low _pee& application we recommend ball beaz_ngs with rings an_

balls manufsatu_e& of modified 440=C equipped with.Rulon retainers which will

permit dry operation.

If the load a2ds_ee& are low enough to prevent ,=_F.cesslvelempera_ure buJ[ld-up,

modifie& 440-C should be entirely satisfactory for the ri_s and balls for thls

_ bearlng_ For reasons lists& above, modified 440=C may represent as vr_li& _ recu_-

mendation 8s the _±gh temperature materials such as Rene t 41 or Stelli_e 6B. It

is encourag_ug to note that, all factors being e_sSL_ the conditions in this

category are less severe than in the preceding two catego._es and. therefore,

' there is a better cheace of attaining two years t full ti_e c_eration in this case.

I

. Fo_ the oscillating bearing category we recommend grease lubricated modified 4_0-C

ball or cylindrical roller bearings _rotect _.dby a Teflon or stall,less steel

bellows boot, equippe& wlth a s_rlng operated pressure relief Valve to malnt_in a

. p_s_._e slightly above the va_o_"_ressu_ of the grease.

" We _re _most o_timistic concerning this be&rlng arrangement. _e_etlcally seals&

: grease lubr:i.eatedbea=Lng_ have been operated for over two years of continuou._

service on e_'%hA I_ the same t_v_eof lubricat$on ce¢_be provide&, a high degree

•_ ,,_
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of _liabillty should be assuzed for outer space o_eratlon. The ?.ire of,a Teflon

boot under constant flexing against a two-year llfe requirement may be questionable.

In this case the selection of stainless steel bello_s type boot is indicated.

r

J
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Section C

GEABS

1. DLSCL_S_ON

' We have reviewed the gear problems at JPL, and find that the total range of appli-

cations covers lightly loaded gesrs to heavily loaded geaz_, operating at speeds

from high to so slow as to be practically static. Fortunately_ in the majority

of cases_ high speeds combine with low loads and high loads are applied at low

speeds. While most _roblems can be solved with spur gears there is a desire to

use worm Bars to achieve high ratios with maximum compactness.

Our literature search failed to disclose desig_ data based on valid tests of gears

in realistic vacuum. Tests have been run i_ gaseous atmospheres such as helium;

evaluating materials and dry films (Refs. 63, 64). Such tests are attractive.

since test equipment and procedures are greatly simglified by the substitution of

positive pressure gas systems for hard vacuum. While it may be possible to damon-

strata that friction and wear in vacuum is proportional or equa& to friction and

wear in an environment such as helium, no experiments of this nature are kno%_ to

have bee_ conducted. Therefore, friction and wear values obtained in gas and
J

ev,_'_the order of rating mate_._ialsan& lubricants by _ests in gas are subject to

question.

:_ We feel that t_hesliding co_onent 'of friction constitutes a much greater lubri-

Cant requirement than rolling contact. Conventional gears induce sliding in the

_wer transmitting contact varying the degree frcm a minimum in spur gears to a

maximum in cross axes, helical gears sad worm gears,

While worm gears are especially attractive to obtain high redu_tlon ratio in a

co_9act conflgumati0n, a practiaal desire, which will el_ninate ormlnlmlze the
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inherent sli_lingcontact for continuous rotation, is difficult ŒIf

only angular rotation of the output she2t is required, a sector of the worm gear

can be replaced by a toothed roller supposed on antifz_ctlon bearings. This

design, w_Ich is use_ in automotive steering mechanism_ greatly reduces the

component 'of sliding motion between the wo_a and worm gear sector.

Gears are more difficult to lubricate than bearings or seals because no suitably

proportioned surfaces appear to retain dry film or other friction reducing materials.

In this connection, experiments have been run with idler _ars of friction reducing

materials in an attempt to continuously replenish a friction reducing coating on the

load carrying geax's° This ingenious arrangement has not proven unlverssS__f satis-

factory especially for high spee_ get,So

Our recommendations for i_mediate design decisions involve the use of fluid lubri-

cation fo_ every application in which the retention o2 lubricant is _acti_al. For

those applications in"which it is not possible to i_treduce fluid lubi_lcatlon, it

is necessary to sacrifice load carrying capacity 9ridreliability by the introduction

of d_ film lubricants# unless the sliding action o_ gears can be replaced by rolling

ac_tionsuch as is possible with roller chains or rocking pin llnk tooth chains.

We recognize t_t the replacement of g_ars by chains must be done st time of basic

layout of the mechaulam an@ that .serious design dom_licatlons may arise in the course

of the applic_tXon of this deslgn concept.

In our research suggestions to follow, we discuss some alternate deslg_ conce_ts

which shoul_ be considered for further dev@lopment. At this time, however, they

are co_slderea to b_ too e_perlment_ in nature to be conslderea for cur_e_.t deslgns_

Please bear i_ _'hhat the reccmmenaatlons which follow "are based on our interpre_

tatlon of experlenc_ _Ith gears to date, tempered by Our know'led.go_f materials and
l,

friction re@ucing agents, which knowledge has beau obt_ine_ pr_arily _ith _ti_
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friction bearings. These recommendations should be considered as tentative,, We

recognize the need for fun'thorreseareh and development to _tem_In_. lo._l-life-

speed relatio_shi_ _n_ assure reliability in contemporary desiga. Much less

": attention has been directed to the problem of operating gears in space than has

: been directed to baarlngs, We also recognize, however_ the need for design4

,' suggestions and recc_endatlons now.

,_ 2. GEAR APPLICATIDNS (See Table 5)

On the basis of our study of _ars to operate iu outer space_ we divide the4

_roblem into four areas involving spur gears, straight bevel gears, and _vrm

gears inclu_ng s_iral 'bevelsand hypoids, as well as nonparallel shaft helical

gesms. In the first category we ]_'vefurther divided spur gears into the high

loa_-low speed and low load-high speed categories.

Ia_this analysis various materials and lubricants are discussed° These are

listed, by cc_position, elsewhere in this re_ort° In the case of gear materials,

the _esign.of tb_ gear _art frequently dictates the materlal selection. For

" example, for some sh_es_ surfaae hardened _\ateri_l is preferred to through

i har&en.e d material,
u

As far as tBm lubrlcahlon requirm_ents are concerned, the following materials

_ are Interchangeable _

i a° N-50 (through hardened) consumable electa_de _mcuum melte&

; ; b. Nodlf±ea N-50 (carbm:Ized) consumable eleetre_ vacuum _eltea

_i _. E-12 (nitrldea) consumable electrode vacutm mel_d

: _ hD_E: Alloy eontent of materials is shown in Table 2.

l:
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To date, development of the CBS CDL-5940 dry film has been directed toward lubri,

cat_ug type,440-C stainless steel materials. Pending further work on other con-

tact m_teris&s, we must recommend _40-C or modified 440-C (440_CM), .with CBS CDL-

5940 f ur .

2.1. TwoHours Continuous Operation at Simrt of 1_ission:

For mechanisms required to operate only at the beginning of a mission, foz approxi-

mately two hours 3 we strongly recommend oil lubrication for all typesof gears.
L

There are various candidate oils for this application.

Rocketd_me has used SiuclaJrL-743, a MIL-L-25336 oil with defoam£ug agent. On the

basis of their satisfactory experience, we recommend this oil for a3f[of _Jaevari-,

ous gear types, In bearing tests at MRC, polyphenylether lub1_[canthas demonstrated

exceptional stability and has produced extended bearing fatigue lives tuuderextreme

operating conditions. These fluids possess low vapor pressures, Polyphenylether

lubricant is produce_ by-Monsanto, as OS-lfi4.

Consideration should be given, also, to a ne-_class of fh_Ids, known as fluoro-

silicones. On the basis of Shell Four-Bs//L tests_ they ar4 superior to petruleums_

: silicones_ and polyphenyleth_rs. Such fluid is produced by Dow Coz_ing_ as _S-L_6 5.

Differing oil characteristics may be desirable for the different types of gears.

For exs/ggle, 8gaE. P. tyge;addJ.Zivemay be of.a_vantage in thi l_brieation of worm

gears, spiral bevels, hypoids_ and nonparallel helical gears.

As first alterna_ to oil lubrication we recommend grease lubrication for all types

of gears indicate&_ In this connection the grease cavities should be so designed

a_ to provide in-feeding of lubricant into the critical gear areas. This _.sespe-

cially important in the case of low speed gears in Which adequate agitatic!nm_y not

be available _ restore grease to the .teeth.s.fterit has been squeezed out by meshing

,,),' , ¢
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i Success in the lubrication o;_gears in nodal applications has long been felt to

be a function of the viscosity of tl_egear lubricant° While _ome correlation

exists with oll viscosity as measured at a_mospheric pressure, it is felt 'that

actually .the viscosity of the oil film under contact pressure is the more logl-

cal criterion.

The oil l_fl)ricatlonof gears in space application even where relatively poor

sealing is to be provided, does not appear to create a serious pz_blem. An

ample supI,lyof gear oil, even thQug_ high evaporation may be encountered,

shoul& provide adequate lubrication. Tests have shown that in inert atmo_pheres,
t

• such as Argon and Nitrogen, the load carrying capacity of gear oils Is greatly

i increased (Ref. lO0). It may be that in the absence of any at_osphezm a similar

_t

_: improvement will also be noted.

The following p_oducts are recc_aende& for the oil lubrication of gears:

Nauufaaturer Product

Dow Coming XF-258 Phenyi-me thyl-polysiloxane

General Elec. F-50 Silicone

Sinclair L-743 High film strength ester
(MI%-L-25336)

Shell Oil Aeroshell _ Miners& Oil
FI d 5L

i The grease lubrication of _rs, especially at high speeds, creates somewhat more

of a problem. At high speeds sz_dhigh loads the necessity i_kr adequate film

/ strength becomes apparent. Gear teeth, regardless of their desi_a, or the accu_

_. racy With which they are made 3 develop a combination of sliding .and ro_iing

motion as they pass into .m_dout of mesh. 8ince sliding alway_ _evails between

gear teeth , accompanied so often by very high pressures wklch are co_parable to

those encouatezed in rolling contact bearings_ malnten_nce of the lubricating film
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is an important requirement. If grease is to be used it must be soft enough so

as to transfer good adhering lubricant films to the gear teeth. The oil used in

compounding such a grease should have proven _o be effective in gear lubrication.

The following greases are suggested as possible lubricants for gears:

Manufacture_r --.-----Pr°duct

Shell 0il Aeroshell 7A EP Synthetic (N/I,-G-Tll8A)

General Elec. Versilube G-300 Sos;pthickened F-50 fluid

Dow Coming FS-Lqgl Soap tb/.ckenedfluorosilicone

For both categories of spur gears, we reeommenl a second alternate of M-50 high

speed steel gears lubricated with NAM_ AML-a3A dry film. This cQmbination has

been p_oven for varying loads and sReeds, providing life adequate for this envi-

ronmeatal _eq_ent _

For lightly loaded straight bevel_ helical, won_ and spiral bevel_ including hypoIc

gears, we suggest a second altem_ate of Teflon _h_pregnated_etal_ operating withou_

additional lubrication. For this material, the al&owable tooth load is approximate

9% of the allowable for lubricated steel.

The inherent poor str ugth and poor resistance to cold flow of Teflon has been ove_

come by the ttseof Teflon to .tm_re@%ate porous Solids. One such product is Sinlt_Z

produced by Booker-Cooper, Inc., North Holly_ood_ California. This m_im_lal is

essentls.l]_ a slnterad bronze-tin (55_) containing Teflon (27%) and molybdenumdi-

sulfide (l_). This combination provides a low friction bearing material with goo

strength properties sad should be capable of generating Teflon-MoS2 films.

_IS approach a_pe_s to be s_e_ior to the use of Teflon film coatings_ a_91iei

from dispersions , _here the quailty of the bon& may be questionable. Th_ use of

!
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A ,_ _.eflonauxilia._jidler gears appears to be promising for heavily loaded applica-

tions. Some difficulty, requiring ingenious design to ov@rcome, may be encoun-

tered to obtain tee proper tooth contact to assure a sustained lubricant film.

2,2 Th_e-Mon_thContinu0u_ation:

The next application to be considered involves full-time operation of gears _u_in_

a 30-dmy mission. For this duration we have eliminated fluid lubrication from

;_ consideration.

/

For the high loa_-low speed application, we recommend that gears be avoided, and

that use of a chain be considered. Both roller chains and mocking action timing

chains appear promising for this application.

!
In spur gears, pure rolling occurs only at the pitch line. Over the remaining

contact incraments_ _ding increases friction and wear. deteriorates the finish

an_ causes increasing friction heat rejection. As this process continue_

vibration and shock loading increase, causing a stress increase at the tooth
I

root. Thus, tooth wear can cause tooth blmakage.

. It is dlflticultto retain lubricaut_ fluid, grease or dry film, on the gear

teeth. Loss of lubricant accelerates the wear process 1_otedabove. At high

load level, this sequence becomes p_cipitous.

,L,

In a roller chain, roJ_lin_.stationdecreases the incremental sliding be_een chain

roller and sprocket. Up to c_.Iticalload _d speed values, this action is predom-

inately _ocking_ wi_h only a mimlmum amount of sliding ocaurrlng, between the

roller toldits bushing. This contact uot only o_erates at reduce_ stress, but is'i

IX of such a geome _/ as to facilitate bhe retention of lubricant.

?
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As a further development, directed toward maintaining rocking action in the chain

hinge_ the Morse Chalu Cc_any has developed +.haHiVo chain and proven this design

capable of hdsher _eed _ud power ratings than conventional timing chains and roll

chains. This chain +y_e has been operated over long service lives lubricated with

molybdenum_01sulfide applied at time of manufactul_.

For the low lo_d._nighspeed application, we recommend the usa _ _pur gears, incoz-
l

porating Teflon as a lubricating agent. One such method of utilizing .Te_lon appea

p:_m_isingfor this application, as previously describe&.

As an alternate _e suggest the use of N_50 high spee& steel gears lubricated with

N_ _g_23A ary z_.

r_b_Issame recc_men@_tion and alternate al_pliesfor straight bevel gears. Consid-

eration has been given to the sliding component o.fthe tooth contact in this gear

type. Wear rates will be greater, and allowable tooth loads lower, than for spur

g__ars.

We have no reeammend_tion to offer for materials or lubricaats for womm gears,

I spiral b_els, hypoi_s or nonparallel shaft helical gears for this service require

ment. We can on]_ysuggest that this gear type be avoided by the use of chains and

spur or straight bevel gears. Planetary sets may be used to accomplish high reduc

tion ratios.

2.3   o-Year Qaion:

For applications _ivolving a two-year mission, in which the gears are require& to

- operate intermittently for _nly short periods of time, we have the following recom

mendations to offer_

V

- For the high loa_-low speed alY_licationwe suggest again that s_ur gears be avoide

substituting Install _halns of either the roller or the ro_:klng_in timing chain

1964019594-081



•i For t?_ low lo_-hlgh speed spur gear application we suggest the use of gears
.#

manufs_tured of Teflon impregnated material. As _ al_oar_ate we again suggest

the use of M-50 steel gears lubricated with N_D ._ML-_3A dry film.

The same _eccmmendations apply for straight bevel gears in the order ]_sted for

the low load-high speed spur gear application.

For worm gears, spiral bevels and nonparallel shaft _halical gears, we recou_end

the use of modified 440-C m_teri_ls s_idCBB 0DL-5940 silver-m__olyb_enumdisulfide

dry film. This combination may be load limited, although the CBS mult!layer dry

film should provide a better bond to the parent material and_ therefore, avoid

: peeling under the shearing stresses involved in this type of gear contact.

. _ As an alternate _le suggest the _se of sintered metallic material for the gears,

i impregnated with Teflon.

2,,4 Two-Year Continuous 0_ration:

For the application involving a two-year mission_ with the gears operating lO_

of the time, we have the following rec_end_tions to offer:
?

Again we recon_aend that spur gears b_ avoided for the high load-lo_ speed appli-

cation s_idthat InstesA, chains, either roller or rocking pin tooth cha._s be

substituted.

For the low load-hlgh speed application for this environment, we recommen_ the

• _ same configuration: a chain drive. We realize that this arrangement may be speed

!!" As an alternate we suggest that the gears be mauu_.actured of metallic material

_) i Impregnated with Teflon.
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For straight bevel gears in this environment we suggest that the gears be manu-

facture& of metallic materials impregnated w_th Teflon.

In vie_'of the long service life involved, we have no recc_mendations to offer for

ma'_rials or lubricants for _orm gears, spiral bevels, hypoids or nonparallel shaft

helical gears.
J •

,r

k
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Section D

_ SE_T_S

1. DISCUSSION

Through the years two basic types of rota_j shaft seals have evolved which :pro-

; vide very low leakage. These are the paclcing gland and the face type mechanical

seal, A third type which haa received same attention is the centrifugal seal in
I

which the centrifugal force of a liquid sea,laut resists flow of the fluid being

sealed.

_. The sealing methods now being used at JPL are of the packing gland type. Two

O-rings are use& about the shaft with an annulus space between, filled with the

lubricant use& within the chamber.

As far as is kuo%,n, no rotary seals are presently ava:llable e_ercially for td.gh

speed transmission through a vacuum wall. In a prog1_m being esmried out at

Goo_rlch High Voltage Astronautics_ Inc._ Burlington_ _assa,chusetts, investigations

include face tzpe sea3s_ metallic lip type seals and liquid reefs& sealing medla_

i A seal unit using synthetic rubber lip sesd.shas acot_ulated 50 hours of running
i

: time at vacuums between lO"5 and l0 "6 TOBR at 3600_M. A low vapor p_ssure oil

_ contalne& in the chamber lubricates the seal s_rfaces. This tyge oZ semi iz
:t "

_ limited to rubbing speed between 1500 an& 3000 feet _er m'Lnute,

:_ Tests have also been conducted on gr_ghitic carbon face seals at spaeda Im_Eiag

from 2000 to lO,000 _M at racisms of ,_x lO"5 TOBR or better, with a syst_

, pressume of 10"5 _ORR. Wh_&e test duz_/tionsto date h_ve been rela%Ively short,,
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this type of seal appears attractive for relatively high speed shafts. A small

quantity of oil is required to lubricate the stationary carbon face and rotating

the steel mating ring.

G/IVAis also investigating a new metallic lip seal, similar in construction to

the st_id_rd synthetic rubber lip seal_ except that it is made of steel (Ref._75).

This report goes on to state_

•"It is worth noting that the seal requirements on a vacuum system

which has a limited pumping speed_ are more rigorous _han those

in space which has an infinite pumping speed. In space, the pri-

mary _im would be to minimize loss of lubricant or fluid and

prevent contamination of the part. .Theproblem of seals and bearings

for use in space still exists_ but encouraging results have been ob-

talned and there remain several promising avenues of investigation."

I.I Contact _._.eis;

De_gite the fact that mir_imum leakage contact seals constitute sli&ing eontac% with

asperity cleavage_ there is a strong possibility that PT_E or even dry films may

permit the developmeut of positive contact seals in wklch the contact pressures a_

so low and closely controlled that long life may be obtained. It is suggested that

these seals will be of the axial type rather than the radial type, since it is much

easier to control contact pressures by axis_ldeflection of a bellows or dla_hragm,

than to maintain relatively constant contact pressure over the small available radl

displacement of a continuous annular member (Ref. 42),

Several years ago Ba%telle.Memorial Institute I_erfo_me_a: considerable amount of
b

research on -lo_leaks_s centrifugsl seals for vacu_ systems (l_e£."86). By using

a simple rotating annulus and st_tlonary vane _slgn and using mercury as the se_-
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•} ant, it was found that leakage was excessive. The lowest absolute pressurB ob-

tainable was 5.5 x I0-3 mm Hg. Analysis indicated that t_rbulence created at

the boL_nds_ of the stator was the cause for the high leakage rate - approxi_,tately

160 cubic inahes of standard air per year. The state of the art was advanced by

placing baffles in the rotating annulus such as to minimize sealant turbulence at

the stator boundary and leakage was reduced to 22 cubic inches of standard air

per _ear. This type of seal design would appear to have the capability of pro-

viding very low leakage rates for sealing against vapor add:since it generates

, its o_ centrifugal sealing _ressure, it would also function in a zero G environ-

ment. _2hls t2pe of configuratior, is covere_din U. S. Patent 2,606,044 (Ref. 70).

Other types of eentrilhtgal seals show promise for this type of application, in-
%

i cluding simple flingers which woul& also have _he advantage of dispersing fluid

creepage along the shaft.

J

Labyrinth se_Is have been sugge_;tedfor minimizing the escape of parbicles out-

gassing from a body of lubricator, such as a low vapor pressure, llui@. In this

• concept it is pro_sed that mirror-like surfaces be ine.orgorated in the baffle
t

convolutions, thus reflecting back any molecular efflux.

J

2. SEAL APPLICATIONS (See Table 6)

i _i _InvestSg_tiO_ of c/liesubject indlcat_.s that seals can be divided into two basic

, categories: those for rotational appli_atigns an_ those inten&ed for sealing
\

! sh_fts which do not rotat_ One full turn 8i_awhich _ay be termed as oscillating.

W_ assum__t sealsare n_quir_d,otherth&uto retain lubricants, in some

_) i! ap_llcatlons.

: i:!
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Within the rotational category, seals nay be divided into the high speed and low

speed categories although it is difficult to establish a definite line of damarca_

tion be$_een the two.

Again we have considered four different mission requirements.

2.1 Two-Hour Continuous _ion at Start of Mission:

As shown in the tabulation, we believe that, for high speed rotational seals, the

face seal design must be incorporated_ There are three alternative mate_iai and

lubricant selectiono in this category:

a. With oil or _grease lubrication, either a graphite or Teflon

rubbing member may be used in combination with a hardened

steel seal p]a te.

b. A Teflon seal member may be operated dry, in contact with a

chrome plated steel plate. As in the case with plane bearing

operation, the question of heat conduction during high speed

operation must be considered. In recommending the use of

Teflon for one seal member, it is assum,_%that DU metal, metal

implmgnated with Teflon (see Discussion, Section C_ GEA_$) or

other combinations of Tefloz and heat conducting reinforcement _::_

will be applicable to high speed seal design.

c. It is indicated that NAM_ AML-23A molybdenum disulfide type dry

film is capable of _lubricating a face seal in the absence of any

other type of lubrication. We feel that the pe_To_mance of' this

dry film can be optimi_ed by the usJ of a Stellite 6B sea],mem-

ber _bbing against a CA-3 tungsten carbide sea].plate.

In the low spee_ _otational category, we feel that a conventions/,lip seal should

be adequate with oil or greas_ lubrication. Over the %_mperature range indicated,

either a rubber or a Teflon elastomer materia], may be used, in contact vith a smooth,
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As an alte1_ate, for dry operation,the same.Teflon .type ses,1,member, contacting,"

a chrome plated steel seal plate, may be used_, aa is suggested for the high

speed .application.

Similarly, the dry film lubricated face seal arrangement, incorporating a Stellite

6B seal ring against a tungsten carbide seal plate, must be considered in this
./

category.

For the short service duration involved, a lip seal ms__be Used in the oscillating

-application involving oil or gres,selubrication. Again_ a rubber or Teflon lip

seal material may be incorporated° .In this a_gllcation, a spring loaded pressure

1_lief valve should be incorporated, so designed as to bring the pressure in the

sealed cavity to a level slightly above the vapor pressure of the fluid to be

sealed.

Interchangef_ble with this concept, consideration should be given to the incorp-

s, oration of a "boot,providing a hermetic seal by the incorporation of a rubber or

Teflon member which _ll retain oil or grease lubrication within the bearing. ,.

Again, a spring loaded pressure relief valve _ho_Id be incorporated to bring the

cavity pressure to the vapor pressure of the f/aid to be sealed.

:, For applications to endure a 90-d_y mission, in which the mechanism is requireA

-' to operate f_ll time du/'ingthis ,perlod._consideraltionof fluid lubrication must

i be ellmluated. "

In the case of the hi@l speed rotatlon_i seal appl'.!,cat&on,the first suggestion

is %_e face sea].operating _j_ywith a seal'ring of'.Teflon, in contact _ith

, ' e_ome _lat_ steel seal plate.

i

<
The _ltan,_te a,r_agement i_l,again, "_e _IAM_AML-_3A dr_ film lubricating a
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As another alternate we suggest consider_tion of a centrifugal seal similar to

that described in .U,S. Patent 2,606,044. In this design a rotating annulus is

partially filled with a liquid &u& a stationary vane dips into the liquid. Cen-

trifugal force effects a seal closuz_. For application to the present problem

there is a need for a high &ensity_ low vapor pressure sealant whlch ]_ill remain

liquid over the indicated temperature range. This type of seal design appears to

have the capability of providing very low les_age rates and since it generates its

o]_ncen.trifugalsealing,pressure_ it _ould also function in a zero G enVironment.

The first two designs suggested for the high speed rotational seal application

also apply for the lo_ speed application. These are:

1. The Teflon seal ring in contact with a chrome plate& steel

seal plate.

2. The Stellite 6B seal ring contacting a tungsten carbi&e seal

plate s lubricated with NA_ AML-23A molybdenum disul_°ide

type dry fi_.

The centrifugal _eal &oes not appear applicable for this low speed application°

t

For the o_cillating application_ eve_ for 90-;daymissions, oil or gzmase appears

practical, contained in a Teflon boot,, A spring operated relief valve should be

inc0rporateds adjusted to a pressure slightly above the vapor pressure of the

lubricant contained,

As au altern/_te,the boot d.esi6ncan be accon!pllshed in a metallic material. For

ex&mple, s_u18_8 stainless steel bellows has been designed to permit as much as

360° rotation of an a_m and shaft combination. Nith this design, oll or grease

lubricabion cam.v_ use& . A_$n, a spring loaded relief valve should be i_corpo_
,r

rated, adjusted to slightly over the vapor pressure of the contained flu&&.
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_ 2.3 In_._._tte_nt_Duri_ T_o-Ye_r Mission:

,_Y _: We next aonsider tk_erequ/.remen.tsof seals for a two-year mlssio_, in _hich the

•" ,_ mechanism gill opera'befor o_y short periods of time of approximately two hour_

•_ !! each.

k For the high spee& rotational application, it woul& appear t21atthe ssme designs

i s_ggested ±'orthe previous application eond&tions sho_l,_be _pplicable.

! A face sea;. desiga to operate d_y', utilizir_g a seal ring of Teflon aad. a se&l
d
I'

plate of chrom.eplata_d steel, s.uoul& _epresent the most re;riablezecemmendation
I

to be ma_e at this time.
;i

As an &tel_ate, we suggest the use of a Stellite 6B seal ring in contact "_ith

a tungsten carbide seal plate, lubricated with NAND A_L-23A d_ _ film. -.

,_ We have avoi_ledthe recommendation of "thecentrifugal seal in t_ts ca,_ _ue to

•i the long periods of nonrotation.
• ¢

i; The ].o_speed designs to be suggested are the s_e as for the high speed_ in

' this category. ,

i For the oscillating application, in view of the two-year exposure, a metal boot

, may be preferable to an elastcmer_ even Teflon. Oil or grease lubrication can

thus be in .orpuxao_.&,tcgether ,_it_ha spring operated x_llef valve holding the

' ',j

, pr_,ssure sli_at].yar_ovethe vapor pressure of the fluid se_Led.
\

i _ 2.4. _o-Yea/zLgont uous '_e_t.i£Sn:

The last application category involves a _¢o-year _ission, in _hich 'l_emechani_

" ; is required to operate i0_ of the time
;2

4

, _
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For the high speed rOtational _eal, the centrifugal sealing arrangement now.becomes

the most promising_ ._ith an alte_mate of the Stellite 6B seal ring contacting a

tungsten carbide seal plate labri_ated with NAMD AML-2SA dry film.J

For the low _pead rotational s_plication, the most prmmising design incorporates a

face seal operating dry, _ith a Teflon seal ring# contacting a :_nromeplated steel

seal plate.

As an alternate, consideration shc_Id be given to the Stellite 6B seal ring con_

tacting a tungsten ca1_bid2seal pl_te_ lubrlcated with NA_ _HML-23A dry film.

For the o_c_.la'hlng_plic_tion_ the me 'talboot again appea_'smost promising, allo_-

ing ,il or grease lubrication. 'Eaisdesign, Eain, shot_ldincorporate a spring

los_ledrelief valve_ holding the pressure slightly over hhe vapor pressure of the

fluid to be.sealed.

i',_
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Section E

i EESEABCH PPD_

lu the design of lubricating systems for spacecrsft mechanisms, it has been

reasonable, to date, to attempt to use conventional materisXs and lubricants by

the control of enviror_ent adjacent to the bearing area. While the problems

peculiar to space have been recognized for a number of years# there has been

mor_ talk than action and new approaches have not been developed to meet them.

_ In order to pezmi,t space programs to move forwal_l_ it has been necessa!_y to

extrapolate from existing kno_ledge_ and in some cases_ cc_promise the design

of spacecrait to penmlt the use of existing technology.

i While initial inte1_st in space exploration caused considerable concern over

i the demas!which vacuum, r_diation, sad prolonged exposure time woul& impose on

materials and lubricants, there is now the possible danger that apparently
f

successf_l operation of space mechanisms, employing relatively simple lubrication

techniques, will tend to mitigate the seriousness of the need for research and

development effort in this area.

Discussion of friction research and development raises many conflicti_{g opinions.

: There is_ at one extreme, an expression that frictional problems are so cGmplex

and the variablss so numerous that anyting short of au all-out_ crash program to

develop radically new concepts is useless, others feel that the problam is much

1 over rate& and may be solved_ on the basis of present activity, by "flx_it'!

measures during d_velopment. In general, the depth and brea&th of the subject is
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not fully apprealated by the solentist _ to whom lubrication is secondary to their

field of specialty3 the _esigner who must inco_9orate lubrication techniques, and

the lubrication specla3_st Who is sales oriented or experimenting. 'rneproblem

lacks concise definition, in terms common to a/3_concerned.

There is need to question the role which contractors, assigned to develop specific

hardware, will pS/%y in est_blishlng such basic specifications as the bearing materi&

snd lubricant to be used. For example, a contractor, selected for his skill in

electronics, may not have the experience nor the personnel to cope _Tith the lubri-

cation problems which are attendant to his over-a/_l responsibility.

MED has recently expe_lencea a case in point. On_ contractor :_asassigned responsi_

bility to design a la_g_ multl-milllon dollar system. As their subcontractor, we

conducted experimentgtion and @eveloped specifications for bearings, materials, and

lubricant to meet tlmir requirements. A second contractor, assigned to construct

the system, chose to Ignolm this experimental work, revised the criteria for lubri-

cant selection, and _equi_ed another experiments& program to be run, An appreciable

loss of time an& money _esulted f_ lack of coo_._%nation.

1.1 The Need for'Research:

There is a definite need, with_.nthe scope of JPL _±ctivity_for applied research and

develogaent effort in several areas. There is such a variety of lubrication problem

to be n_et that it is inconceivable that a single a_proach can most satisfactorily

meet requirements of all of tham. The charts of recommendations which appear else- _

where in this report serve to illustrate the sco_e of/the problem. Admittedly _

these charts involve much guesswork an@ serve to raise mauy questions. _t Is to

the answer of these questions that zmseaa'chmust be 4_m.rected,,

f_
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It was intended3 originally, that this report should only cover bearings. There
_J

is, however3 sufficient similarity in the basic frictional proble_ of bearings,

gears, seals and electrical contacts and in .theapplication @f these machine

elemlentsto vea_aus mecl_nlams, to mske a coordinatad.resea_ch progrQm in all

these almas feaslblc and potentially productive° To accomplish this, certain

prerequisites should be met:

A. At the present time, lubrication is a part-tlme f_auctionof the Materials

Group at JPLo It deserves more emphasis. A full-time lubrication spec-

ialist should be given sufficient personnel and experimental facilities

to support lubrication development for in-house projects° It is our under-

standing that_ although Prospector and Surveyor will be subcontracted,

' other projects following Ranger will be retained in house.

B. All contracted re_earch programs involving the study oZ frictional problems

in bearings, gears, seals and electrical contacts should be coordinated

through a single_group. This may be an outside research organization.

C. Coordination of research activity should include the formation of an s_Ivlsory

group f_ outside ,_L to facilitate communication with activity of other

_ research agencies and across the many disciplines that will be involved.

: 1.2 Coordination of Research A_ct_ivii_:

%

', 1.2.1 Envi1_rm_ental 81mulation_

_ Before embarking on a_y research progr_, attention should be direct_d to the

problem of test equipment and p_._eduzes. &R_ere is need to standardize the re-

! i_ quirameuts for control of environmental variables in experimental ]_rograms;

_:_ Specifications for test conditions sz_dprocedures shoul& be coordinated before-

'_ _ hand an& not _.eft to the discration of T_e individual contractor. _here are
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several references to this p_/oblam (40, 54, 57, 60, 67, 71, 72), _ich cause the

value of much of the wo_k whi_h has been done to data to be questioned. The

following dls_,usslonis _ from thes_ re_rts:

To accurately simulate the vanuum of sp_ne_ consi&_ration must be given to the

long mean free pa_ of molecules and atc_ In the relatively close confine of

a vacuum chamber, absorbed vapors_ molec'_les an& atoms leaving the bearing sur-

faces are deZlecte.doff the walls of "thechsmBer and redeposited or reabsorbed.

Even the most min_it_ quaatit_e_ of these eontamiz _ting vapors can have an appre-

. ciable effect on friction and Wear p._n_nena. In space_ the same desorbed molecule_

have little chance of _turn/_g to _e original surface and are quickly lost. %Fnil_

it is evident that actual _ace environment cannot be duplicated, care should be

taken to control molecular contamination.

JPL Technical Report 32-I_O suggests,that_ in order to slmulate space vaeuum proper.-]

• in laboratory studies of frlet_on an_ lubrication, pressures of 10-9 TOBR or lower

should be used. "In no case to date has this been done. This pressure is near the

limit of the present state of high vacuum art under conditions where the specimen

of in'rest m_y be evolving gases and is commonly of a composition which cannot be

baked out at hi_ tem_era'_es to clean its"

Because gas evolution plays an i_po_tan% part in the behavior of materish_s in vaeuu_

it is also suggested that it is in,errant to provide pumps with high p_m'@ing speeds

at app:copriatepressures, as well as the ability to produce low ultimate pressure

/h ASLE Preprint NO. 61-_-e, Messrs. Buekle2, 8wikert and Johnson _m_or_ on th_

_ difficult$_esof findin_ effective trapping dev!ees t_ stop back migratiozi of rill-

fusion pum_ oils__ 8urfaees of friction test specimens _ere _wettx,_dwi%/_dlstl]&ed

4
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water to d_tezmine any evidence of oll contamination on the surface. A survey/

was made of cold trap and baffle designs reported in the literature and employed

by users of oil diffusion pumps. .Atleast ten different configurations were

tried, none of which completely succe_d_@ in elf'_Luatingback migration of vapors

from the oil diffusion pump. They finally replaced the oil diffusion pum_ with

an ionization pump which employs no fluid or vapors in its operation.

• Correspondence with Dr. Earl G, Jackson of NatlionalResearch Oorporati6n ampha-

sizes a distinction between back streaming and back diffusion. Back streaming

strictly refel,s to the line Of si_ht transmission of oil molecules from the top

of t_e _Umpo Dr. Jackson feels that this can be reduced sharply by al_ropriate

• optical baffling.

He feels &he problem of most concern_ and that which is involve& in the ASLE

-' paper_ is more properly called back diffusion. In this _henomanon, simple opti-

ca& baffling in the ordinary sense is not a&equate because molecules reside for

a time on the wall and then volatilize off _t randmm times and in random direc-

tions. Such a mechanism can penetrate optical baffling because the angles of

incidence and reflection bear no relation to each other. Kowever_ such a mech-

anism shoul_ be susceptible to cryogenic baffling by means of _hich a molecule

is completely immobilized once it hits a cryogenic wall. It also appears that

various adsorbants_ such as charcoal or Zeolites; when maintained at very low

temperatures will a_compllsh the same en&.

It is reported that _r, Paul Bemen at Westinghouse Electric _Cel_o_tion has

found Zeolite to be effectlvein tra_ping backdiffusion even _hen using the
._,

•sensitive _e+_bility detec&ion method outlined in the ASI_ paper. _his tends

to co1_fi_m"thebelief _ha diffUsion pu_s can be ade_ately baffled, s/.though

' _ the problem is far mo_e difficult than _as at first _oug_t.
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Consi&eration should &Iso be given to the fact that while tungsten-tltanium and

vac-ion pumps will eliminate the oil..migration problem_ these pumps are,easily ..

choked and are not _ractica& for extende& use.

_e paper by Kabl_uiau an& Steinherz, given at the AVS Symposlt_n, October 1961,

points up the relationshi_ between back streaming aad inlet pressure. _qere, is

a strong possibility that most of the contamluation detected in reasonably well

baffled sys_te_soccurs d_t_ing the pump_down period and that very iittle_ if any_

contamination results &u_ing operation at very low pressures. They conclude that

back streaming measunm_.ents can only be performed after equilibrium conditions are

attained. Back stre&ming rate .is a steep function of distance fi_m the mouth of

the pump an& "hheinlet pressure. If bat/< streaming must be minimized_ _he dif-

fusion pump should not be o_e_ted at inlet pressures above lO"3 TORR.

"Most me'osurements of back streaming i-ateare.generally conduc_d at the blank off

operation of the pump. One of the important questions is what h_ppens during

operation at higher inlet pressure an& _artieularly during start u_ of .thepump.

Measurament of the back streaming rate at various inlet pressures _ere ma_e with

a 3_ inch pump (BB 32-_Q,000) ,... .._the rate does not change significantly as

long as "theinlet pressu2e is below about lO"3 _ORR. This is the point where most

diffusion,pum_s have an abrupt reduction inspeed indicating that the top J_t

essentia3_y stops p_]pingo

"_ae sud&en inc1_aaseof b&ck streami_4gat inlet _ressu_es abo%_ 10"3 TOBR points

out that a dlIT,aslonpum_ shoul& not be opezate& in this range unless the condi-

tion lasts a very sho_t tlm_. It is ccammn pzzctice lu vacuum system operation

to open the high vacuum v_lye s_ter the chamber has been rough _[_pe& to abo%t,10 ".l

TORR exposing the &Iffusi_a p_m_ to this pressure, _n well propo_ione_ systems

, this condition lasts only a fe_ seconds, otherwise extended c_2e_tlon at high p_ss_

can direct unacce_'tablM high amounts of oll into 'thevacuum system,."
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This same report indiea:_s 'thai, new oil _[ffusion pumps can Produce ultimate

pressures of about i x l0_9 T0]_, without any baffles or tr_p_. Using Zeolite.

traps_ pressures in i_e rs_igeof i0-ll car_be z_ached _P_f. 72)°,

J

Our discussions with National Research Corporation of Newton Kighlands, Massa-

chusetts have resulted in a p_oposal for an ul'brahigh vaau_ test unit capable

of 1 x l0"9 TORE in a test volume _4 inches in diameter by 30 inches hlgh, This

system utilizes a three pu_p oll &if_slon system with sj_ecialtraps. The

equipment incorporate_ a 250°C bal_e-out cycle_ a cola c_@ fitted to the top Jet

of the diffusion pum_ a water cooled plate type optical baffle imme&lat_ly

above the pump Inlet_ and a circular chevron liqui& nitrogen cooled trap in the

p_ing elbow near to the chamber inlet. It is claimed that tests s;t_ Lab-

oratories on similar eq_.pment have sho_nqtheftbank 1_.gr_tlon of oil is positively

eliminated, in this syst_ vacuum measurements are.ms_.e in the top of the chsmber

wlth a No. 751 Nottingham Magnetron Ionization Gage.

/ It is apparent that many experimenters l_ve been careless not only in the e_ip-)

ment _sed to simulate space vacuum condltions_ but also i_ the instrumentation

use&, to measure condXtiens and the test procedure,s em_].oyedin experlments_ Be_

: fore e_barking on any research program, care shoul& be exez_ised "_ dete_mJ.ne

that laborato_w equipment _._i_lbe. able t_ i mp_Vi_ _ S'__results which are mean lng-

fu2,to space application.

The state of the art of vanutm_ technology h_ adVanaed considerably Just in the

past year. •It appeas feasible to begin t.odevelop st_ards for ,_euu_ system

_ components for friction studies. This shoul& be conSign.red as a l_art of any

i'
, research effert,

' /

,?

i
,i
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1.2.2 Communication:

Commlzaication of tec_Liaal data is a profound problem which exists in many technical

fields. Even within the field of lubrication, the solution (if indeed there is o_'e)

probably rests at a hig_le.rnational level_ such as _ASA or Department of Defense.

The Defense Metals Info_tion Center at Battelle _[amorial Institute is one approach

to this problem.

Steps must be taken to ave!& d_lication of ether present effo1,band to draw on the

_gorkbeing done in o_Jher tehhni_al fields. The communication problem is twofold.

it involves not only surveillance of other agencies,engag_d in sp_;e research_ but
l

also recognition of effort in other technical disciplines which may be pertinent

to the friction problem_. The felmatlon of an sxlvisory committee is, we believe_

the best step which _ can take in this direction.

The scope of JPL antiquityin the field of _rictlonal research -gill be a ma_or effort

involving severs/,research @_u_s, It is not advisable for a single research insti-

tution to undertake The e_tlre project. For the ,effort to be of _aximum usefu]msss;
I

it is essential that i_ be coordln_ted by s,single group and _._ated to the specific

hardware development within JFL responslb_lityo We believe the recommendations

listed in paragraph ].,iare essentisl for this purpose (Ref. _44). _i[

2. NATUBE OF_ P_DPOSED h_H PROGRAM

H/.storically, i'_re is a dilem_ which has been faced with es,chnew field of tech-

nology aa_ has been experlenee_ most l_eently _;i_ respect to nuclear reactors an@

jet engines. Effort is ttstmily e_e_dsd in one of two extremes_ very basic "univer-

si±.ytype" research to a_qulre new knewledge of _udaments,l phenomena _md ve_7

a_lied experimentation directed at successful type.tests of a psa*tic_tlar_system.

The middle groun_ where research is al_,_liedto a particular class of hard_a_ ._,

usus2JLysuffers,
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"\

-_ ApparentLy this sltu_tion now exists with N_SA. l_ehold Gontract I_w-72, which
#

ws.sone of tbe fizst to be granted.Whe_ this organization ,._a_,forme_ It con-

terns,the affect of ba]A f_rlcation techniques on rol&ing f_tigue lifeo While

t2Liscontract has been extended an& work aontinues_ we have been tol& that it

does not _really fit within the NASA program scope, since_ on the one h_ud, it

is not sufficiently fundamental# while, on tb2 other han_, it dces not fit within

a system program.

_ In charting the course _of friction research for _PL, the most important con@id-

eration is the t_e s_he_ule for space exploration. It is apparent that l_ori-

cation problems require a fundamental program to provide designers _i*_ solu_

tions before they must be ccmmltted, Res.earch_ork _one _l parallel with _sign

_evelopments iz_too late. Research &one _,spart of development is usually not

;., sufficiently general to provide the basis for _xtixredesign activity. We must

" avoid forcing each contractor to study _ud _olve each apglie& problem himse]:f.

Basic studies must provide design c.viteria_before the _.eed.

There are _e _reas o_ in_vestigatlonwh:b_h sho_l& be inhorporated in a JPL

:, re_earch program an_ coo'rdinate&over the ,_reas of bearing_ geara_ se_ls au&

'_ e_ectric_l c_uta_ts:,

_q

A. ]_ple_,_,:_i.irene&late _esign decisions f_r application of these machine elements

by e_vlronmental tests of existing off,._e-shelf ha_ga_m utilizing exis_tng

_ material _ud lubrlcanh candidates,,.

t

; ._ B. Y_uitiate.Inv_t.I_'gation into new mechsmlce_ design conce_ts which _i.ll con-

.,i tFlbuta to soAution of the lubrlcatlon problem.

• _ C. Initiate a basic research in_stigatlon in ne_ materlais a_& _ubricants _for

_:: fu,t_r_a_llcations.
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The following ou.t,li_ d_muases this progrsm in greater deta&lo

3.1.

It ks re_mendm& that research and d_velopment efforts on bearJalgsbe conducted

simultaneously in %hree areasz to extend the range of oil lubrication, to develop

mate_.als an& lubricants fmr spaae euvlrou_eut_ to de_lop mecbanlcal desigas to

accommodate specific _roblems.

3.1.1 Oil anl G_aase _uhrla_t&on_

To extmn_ the range.Of oll lu_ric_tioa requires the development of suitable vacuum

seals_ This is dlsmuase_ se_sa_te,lyelsewhere in this zm_ort_ howeverp possibili_
t

ties for _Ing _zease_q_ugitles of luhricauts also pr_.s_xt themselves.

Present prod1_t_.onbearings are su_pld_d .with retainers impregnated _ith _pproxl-

m_taly 5% of lubrieaut by _elgh%. Recent ,researcheffort at _ has _ucceeded in

rs_isingthis level to __tely 8_1_ by weight. Fu_ctherwox-k in this are_ is

_ warranted. For _u_ m,xtsa."i,fl._, an optimum level of impregnation is expected, to exist:

beyond _hleh, l_e _otfl.d. re0mne d_e to inc_a_ed flow r_te. Kowever_ investigation

should include the use o_ z_ _aterials _able of DAcreased im_regn_tio_ and _-

• vesti_ation of teqhniq_es for _m_ing these materials to penmlt increased impreg-

nation. T_ese studies shonl_ _ ex_an_@ to include _he use of oils more f_vor_ble

.. to vacuum eL_i_nm_t (low va_or pzessuA_ o'_is).

Work has also been underg_y %o utilize l_rge q!_ntities of oil c_ar_ed i_ chambers

intagrs_ wl,lththe ah_. _ oil f_e_s th_u_ the shaft _l! to porous m_terial

_be_e& in the inner _a_e a_aeent to the ball _ath, This is i]_Lustratedin

_igure I.

9640 9594- 05



i

!)

1964019594-106



Work by Aeronautical Systams Division (WAI_D)and Mro R. J. Matt of _nompson-

Ramo-Wooldri_ge (Eel. 68) indicates that a liquid lubrication system is feasible

for operation in a zero gravity environment.

Work has also been co_dueted to extend the duration of grease lubrication in

high temperature applications. This work should be continued_ at lower tern-

1
peratures s directed to low pressure environment. Lubrication wi[%h grease for

' extended llfe requires the provision of increased grease space adjacent to the

bear'img_ provision for :feeding the grease into the. bearing as required, and a

grease which leaves no residue detrimental to bearl _g perfo_nan_e. High tam-

,perature work has shown progress in sll three areas, Figure 2 shews an-_xam_le

ef-the .type of grease ahsmber which has.been investigated. The contour-of
i

, _ parts A"and B sineconstructed in a manner to gent&y _rge .thegrease tow_rcl '

the bearings °

i

Material development for antifrietion bearings should include the following:

, a. Evaluation of load and speed capability of Pyroceram bearings.

b. Performance evaluation of ring sm.dbsli-matorlals ,in _ac_um

, in bearing assamblles_

_ c. Dry film -

{ i. Evaluation of perfozmauc_ in vacuum in bearing assembles.
" _ -_-.Eva3.uation of z_t_iner-d2y film co.bins%ion.

d.- Investigation of the basic theory of &W film lubri_atlon

Jmcladlng %he development of ne_ dry film,materials, ,,
/

} e. Development of new ring and ball m_teri_Is.

4
t

_ ,,
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Considerable effort has been expended in the develol_nent of Pyroceram as a bearing

material. Manufaatu_rlng Research has resulted in techniques which have pemmitted

hundreds of bearings to be fabricated of tkls _aterial in production° Su_'flcient

testing has been conducted to establish mechanical design reqLLirements and demon-

strat_ reasonable load capacity at speeds to 10,O00 r_M. This is an excellent

candidate as a ring n_terial for vatauraaxposure. _hqimmediat_ program should be

initiate& to revaluate the load and speed characte_lstics of Pyrocem_n bearings

and the wear and friction perfommance in vacuum.

The need for basic data concerning wear and friction of bearing mater,tals in a

vacuum environment is damonstrated by the inclusion of the friction _eriment in

Rm_ge_ 1 and 2 _l_efs. 6_ 8). Many of_the data which have been generated in labora-

tory experiments are subject to considerable question due to failure to adequately

i duplicate the space environment (Ref. 58). Sliding friction experiments, while

desirable_ are not sufficient. The suitability of material combinations must be

finall_ _ubs_tiated b__ full-scale bearing tests.

Research on dry film should include wear and friction analysis in full-scale bear-

ings. Useful life is more apt to be determined by limiting friction and wear than

the classical fatigue failure associated with fluid lubricated bearings_ Experi_

mentatlon to date has been primarily concerned with developing data for specific

applicatiOns_ at extreme high temperatures, and in air or gaseous environment.

Genera].ir_formation_ comparable to conventional catalog info_matioh for oll lubri-

cated bearings_ _hould be developed for the designer's use lh sl_ace environment.

|

Several classes of dry film lubricant materials should be considered. These may

be classed as organic chelating mateziaZs, soft metal £ilms, _& inorganic compounds.

Examples of these include metal free phthelocyanine, silver an& the soft metal oxides

halides, sulfides and ta].lurldes_Refs. 14, 80).
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Effort should be directed to the application technique for dry films. ]_perience

at the U, S. Naval Air M_terial Cente_ has shown that such variables as particle

I size _id base material s'_faee preparation play a large role in successful lubri-

catioa with MoS2 type dry film. The _eed for reliable, production application

techniques must not be overlooked.

Use of dry film also i_flu_nces &_,t_ilbearing geometry. Experience has shown
i.

that radial clearance m.s_vhave to be larger than is customary in order to accom-

modate wear debris and dry film particles scuffed from "thesurface duming _ta-

tlon ..

There is also difference of opinion as to the best location for application of

_ dry fil_ within the bearing. Our own preference has been to lubricate the re_Tlner

only, while others prefer to lubricate both retainers and race surfaces. Insuffi-

cient information is _vailable to cem_aze these different approaches.

• The eombina_ion of dry fJ/m and base materials has beau shown to be extremel__

? im_orts_ut(Ref. 108), An investigation of the basic theory of lubrication with

dry film is w_rante&, especia%ly encc_rpassing the influence of space environ-

ment, A m_re thorough understan&tug is needed of the role which the base matel_al
d

i _ plays in the ability of the dry film to function as a lubricant, _is will lea&

; to the need for the deveiolm_nt of new ring aad ball materials, _ud new oh7 film
k

.' w
' I

i materials specifically tad_ore& to each other,

_here is also much ._romise in attain@isto utilize .dxT,i_llmlubrickut-m_tarlals

i to f_brleate c_leta., _mt_Iners; ..._,

i

i Various e_mmmles and ce_t_ have shown ahs/_cterlst_cs in I%_!Gtlon._ests in inert

• _ envia_nments whic_ Inilcate th_, c_lex oxids films may be fo_me& _t ghe inter-; ) i

"'_ Z_ce of the m_%arlI_s -_oz_d{Aae, frictlon 8a& wear. Ga_&Idete materials for stud7
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of these phenomena are: Silicon Carbide Cers_ic, Tit_uit_aCarbide Ce_ets. (TiC with

nickel bLuder, or.a binary ,r_ickel-molybdenumbinder) _ and methyl oxide ce._mics such

as al_inum, magnesium, and beryllium oxides. Refractory metals_ such a molybdenum

and chramium are of interest as ae_et bln_._rs. The cermet A1203-Cr-Mo has exhibit

better friction and wear perfo_snce in helium than in air (Ref. 85).

3.1.2 Mechanica&Design of Antlfriction Bear_-_ngs:

i

, While simple in its mechanical concept_ a satisfactory bearing requires pl_cise con

tzol of ninny geometric variables° Tghenone thinks in terms of lO_ reliability for

periods of @_o.years or more, in the hostile environment of space, the effect of the

details take on added im_ortaaCeo

The effect of race curvatures_ conhact angle, preload, etc. on reliability, limitin

speed_ wear an@ friction must be considered. The effect of thrust _ersus radial

loading a_ combined th_rustand ra_ial loading is particularly significant.

Investigations are requ_ed of the extent to which the mechanlcal design of the..bea:

ing needs to be cc_pra_Ised to permit self-lub_,_[catingbearlngs_ To pzDvi_e a sati_

i_actorybearing froJnPyroceram material_, it l_s been n_cessary to reduce the ba3.'L

complement and to re_eslgn the retainer to permN.t sufficient shoulder _ea for "this

brit'hlematerial° The _mtalner is a logical ].ubricant carrle__ in any self-lubrica-

ting bearing. If the ba_.],complamer_tis reduced.,'_%oreflexibility in _he retainer

design_ such as th_ use of lubricating buttons_ is permitted_ O'_er suggestions

_hich require design studies i_lude the use of al.ternatingballs of se]_f-lubricatir

material., lubricat.tug ring _dJsaent to the'bs_llpath, amidthe st_cturs2 support or

reir_forcementof self-lubricating retainer,m.s,teri_[.

_e _e_ring sho_ in Figu_ 3 represents _a r_c,al departuzm from con_ntional beard

design in r_uattampt to minimize t_m axmas of sliding friction. Theoret_.ca3_y, all

contact b_tween elements of this."bes._g occurs with pure rolling motion. This bea_
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Was originally conceived a.tNADA (later NASA) for use under conditions of marginal

'; flui& lubrication, Conventional ball bearings proved to be sati_factoly in that

, ? exl0erlmental_rogra_ aud fu1_her work o_ this configuration was _rc_e_ _cently,

i ex]_erimentalbearings of this t?_e _ave been fabricated an& tested at MBD_ 09era-

tion_ &%_y,_at room _ient conditions ha_ demonstrate_ that sliding friction is
i

re,ace& sufficiently to permit Ø�¤to operate for extended periuas a_

stabilize& _Tem'l_ratures eo_ble to oil lubrica'l_d bear_mgs° This _ork _as done

'_ _Ith a roller beefing eo_figuration. Fabrication of a similar baAl bearing has

: 'beencomplete& and.preliminary tests are underway. A thorough evaluation Of load_

@eed _id life characteristics Of this dmsign is warranted.

,,

Numerous other meGhauical design_ _hieh have received attention_ su.chas ffas

bearings, and.elee_rom_aetic bearings have not been incl1_de.&wit_in the scope

of this repo._°

}

i

.; The most serious _blem in the application of plastic materials _ 91ane bearing

! operation is the limiting spee& in_osed,by _heir low heat conduct,_on° N_lile

: bon_ed plastic an& plastic in._gnate& metal offer j0romise of hi_er _paed_ sat,is-

factory design data is no% available. Limiting Sl_ed .versnsPV should be eval:_ated

for these bearing types_ together with combinations involving se_f-lubr._,eating

fillers such as molybdenum disulfide, The effect of vacuum and _adiation on wear

an& friction 1Lke_ise requires ex_er_,en*_Z _n,_e_tigat,_o,u.

, While inorganic materia&s such as sap_hJ,re_ _o _xot.su_fer from t_ese tempe_ture

l:_.mita't_[ons_ their perfo_.ance in ,vacuum has net been su:fficien_'&y e_&u_t,e&.
1

: Friction coefficients tend to be relatively hi,gh_ indicating a requirement for\,
_ experimentation wlth lubricant coatings.

t

" !
4 _
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3.2 Gear Develo_nt:

3.2.1 Oil and Grease Lubrication:

As in the case of bearings, it i_ desirable to extend the range of oil lubrication

for gears as far as possible. Again much depends on the ability to develop a sat-

isfactory seal. In the case of gears, however, the problem is further compounded

by the problem of retaining and circulating oil in a zero gravity field.

.. While present practices avc.idf].uidlubrication in gear boxes, it does not seem

feasible to continue to avoid this problem if a satisfactory seal can be developed.

Heat dissipation may become a major problem in highly lo_ed gearing. Friction is

Fmown to be critical because of low power availshillty _ud some beam failures of

g'_or teeth have been experienced even though most gearing is relatively lightly

loaded. Since gears must run over such a large range of speeds, reduction ratios

and operating cycles, it is reasonable to assume that problem,s of sufficient magni-

tude will be encounte.redto require oil lubrication.

It should be feasiblm to develop methods of lubrication similar t_ that now used

in bearings with porous retainers. I_ should also be feasible to design grease

feeding systems _ultable for gear chamber use. A program in this direction cer-

tainly _ppears warranted° ,.

3o2.2 Materlals DeveZo ment:

There is no kuo_nlda_._.onerning the operation of gears in vacuum. The performance

of dry fi_m lubricated gears in inert &_s envlrorm_ents is very pr_m_sing. There is

a need, however, to develop wear and friction d_ta as a function of tooth load and

speed in the space vacu,_,environment.

(

The means of storing aud providing the dz_ film as a lubricem.twarrants Investigatic

One poesib1.1ityis the use of Idlers3 meshing with the &_ars but not part of 0he powe

train; as lubricant carriers.
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_ Mechanical design developmeht will be required to provide s_tls._/acto_vtransfer of
)I

lubricant frc_ such an idler. Means must be provided to load the id"_ wit_ it6

mating gear with sufficient booth scrubbing action. A "wormtjpe idler may be

advantageous.

Basic studies of base gear material mud.dry film combinations in the field of

antlfriction bea__ngs will be applicable to gear development. C_x_. should be

exercised that these programs take a direction %hich will provide stuitablein-

formation to the gear deslgn.ers.

, Self-lubricating materials should also find _pplication in gear t_ains. There
x

is_ however_ a need for basic perform.saee analysis of strength, wear, friction,

speed and load limitation in vacuum _ud radiation environment.

The known st_eng_/_limitations of plastic gearing may se_._ly limit their appll-

_ c&tion. However_ plastic self-lubricating materials may still find application

in _ar trains used as impregnation in gear metals or as plastic idlez gears used

as lubricant carriers adjacent to the power train,

' Promising materi&l development is now being carried out at WestenA Gear Corpora-

tion, Lynwood; Califo_mula. Lamin8ted gears consisting of a soft core for strength

and a hard coat for wear aud friction reduction are being developed using plasma.

spray techniqaes. The _eed for basic material development overlaps the _._a of

_ bearings and points up the need for coordinated effort for these two flelds.

3.2.3Mechaulca De

I The contlnu_n_ need fo_ extremely h_ reduction r_tios makes a s_'_ble worn gear

i most desirable _d efforts in mechanical design _nov&tions sho_d incl_de this

problem. One cc :pt, to reduce the inherent high sli_ing f_'iction,is that of a
i _ b_ll screw in which the shsi'tis in the form of a circular _rc, Such devices are

!
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suitable for partial rotation and have been used in automobile steering mechanisms.

It is conceivable that this concept could be extended to complete rotabion by prom

riding a means to externally support the circular, threaded shaft.

Consideration must be given to the effect of self-lubrication on the mechanical

design of gearing. Experimental effort is needed to resolve desi_a questions on

manufacturing precisionj tooth pitch, reduction ratios per stage, tooth fore, beam

strength_ and so forth.

Mechanisms involving parallel shaft centerlines affor_ an opportunity for the s_pli-

!

cation of design ingenuity to minimize sliding contact:

a. Roller Chain Drives - In this concept the sliding motion of a

conventional gear tooth against its mate is replaced by rotation

of a bushing on a piu. While sliding still exists in the bushing
J

to pin contact_ the configuration is far better suited for the

retention of lubz4e.aut sad l_duction in contact stress.

J

b. Rocking Link Chain L. In this configu: tion the rotational

motion of the bushing on the pin of a roller chaiu is replaced

by a rocking contact involving practically pure rolling. This

design is conver_tionallyman_factu_'ed in a different chain type

known as sa inverted too*/qtype chain. A small sliding compo-

nent is involved in the contact of the sprocket to chain tooth.

Other mechanical innovations which suggest themselves are:

: a. Geneva Mechanisms - In this design concept torque is trans-

mitted bY the pressure of an antifriction c8_ roller against a

track. While these devices 1_su_lly involve intermittent motion

or a dwell in the -_locity curve, they can be designed to

closel_ approximate continuous rotstion. This concept may be

used with para_le], as well as cross axes,
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b. Loese Tooth Gears - Rocking couples find frequent use to

transmit motion $_am one shaft to another in pu_e rolling

_ contact (Ref. 73). In tkls design cenfigurati_n, forces

': are transmitted from the teeth of one gear to another through

. a third member interposed between them which is free to align

itself radially during contact.

' ; It is anticipate& that ball screws will find application in fttture space vehicles.

Effort is required to determine the design criteria _f bali screws utilizing non-

fluid lubrication.

3.3 _:

As emphasized in the repol_ on hyperenvironment simulation by T. M. McCoy of

Northrup Corporation (Ref. 67), at relatively low pressures the physical concept

an& significance of the term pressure takes on an ad_e& meaning from that of the

: more common place surfaae environment. This must be recognized in seal develop-

meut° Seal _evelopment should be approached from the scientific vlewpoint_

utilizing the molecular flow concepts which take into a2co_it the significance of

molecttlarmean free pa:ahsto the pressu_ properties of _ gas. The feasibility

: of this approach has been demonstrated in Tiros II (Refo 66).

Work on static seals is encoaraEing (Ref. 109) but demonstrates the magnitude of

the problem.

: Wo_'k on aombination sesls involving clearauee seaS.s,rt_bbing seals, labyrinths,

: snd p_rous _ltkgs is _arr_ted.

_ _ Effort should be _irected at developing st_Itablef_ce typ_ seals. Whils matI_ri_[

:i an& lubrication problems are similar to _iane bearings, they involve l_aefurther
J

•, _ complication of minimizing escape pa';hdistance between seal load au_ortlng
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aspe_it_es. Effort is needed to evaluate performance versus pressure drop in-

cluding evaluation of optimum face pressures in the light of -gear rate s_udpower

absorption for dry fJ/m lubrlcaats and various _elf-lubricating materials.

For oscillating applications, such as the leg Joints of walking vehicles, boots

offer promise. Development of boot materlals is required° Optimum pressure levels

with respect to leakage characteristics and the effect of internal pressure end

stress on flecture life must be determined. 'Thework of Mechtronics Corporation

(Ref. 43) in the area of long life, precision metal bellows is significant.

3.4 Research on Electrical Contacts:

Dr. Wi].fredE. Campbell (Appendix A) emphasizes that research should begin with a

de-v_lepmentof experimental techniques to study the problems of electrical conta,,ts
't

in space environment. Thez_ is a basic lack of knowledge of how current is con-

r"

_cted through electrical contacts. Thus3 the space environment problem is a speci-

_ fic case of a more general Problem which is not fully understood. Before significant

progress £an be madej for the long range future, there is need to establlsh an

electrica_ contact model which will probably be very complex in nature. Effort should

serve to ;ex]_lainthese phenomena:_

A. The mechanism of current conduction through contact. "

B. Erosion of contact an& asymmetry_

C, The nature of glow discharge and its effect on erosion of corztact.

D. The effect of current, pr_ssure_ and the type of contact motion on t/qewear

rate of contact materials.

i E. The nature of product of electrolysis in vacuum.

F. An explanation for flucT,uations i_ contact resistauce (noise).

This will requiem a major research effort.
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Immediate effort is r6quired on the development of materials for contacts in

vacuum.. This should include the effect of current on friction_ wear_ and

evaporation rate of materials in vacuum_ For the materials which are of

particular interest due to their electrical conducting properties_ an a_lalysis

of molecular adhesion, chem_so_?tionj shear strength and eutectlc forming

properties in vacuum should be investigated.

There.is a need for development of lubrles_t to minimize mechanical wear an_
¢

a nee& for design studies to minimize wear and friction_ Methods need to be

found to replenish lubricating films on cont_t surfaces. The dust collecting

tendencies of various lubricants should be studied, as _Tellas the effect of

vacuum on brown polymer formation associated with contacts.
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